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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized into four chapters: a general introduction (Chapter 1), two 
chapters of papers for publication in the Journal of Economic Entomology (Chapters 2 and 
3), and general conclusions (Chapter 4). Dissertation objectives and literature review are in 
the first chapter. Chapter 2 evaluates the potential of popcorn as a refuge crop for production 
of European corn borer. Chapter 3 discusses the impact corn variety has on the distribution 
of com rootworm beetles. Chapters 2 and 3 were prepared according to the Entomological 
Society of America publication guidelines. Chapter 4 gives an overall review of this research 
and general conclusions. 
Introduction 
The com rootworm complex, Diabrotica spp., and the European com borer (ECB), 
Ostrinia nubilalis (Hiibner) are the two most damaging pests on com in the Com Belt, 
costing growers billions of dollars in yield loss and control cost annually (Chandler et al. 
1995, Hyde et al. 2001). Diabrotica spp. develop through 4 stages: egg, larva (3 instars), 
pupa, and adult and are univoltine. Eggs hatch in late May and early June (Levine and 
Olouni-Sadeghi 1991). Larvae feed on roots causing water and nutrient deficiencies (Hou et 
al. 1997, Riedell and Reese 1999) and in high populations can cause plant lodging. Adults 
emerge in early July and remain in the cornfield from which they emerged, feeding on com 
pollen, silks, immature kernels, and foliage (Cinerski and Chiang 1968) until no fresh food 
sources are available (Chiang 1973). 
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O. nubilalis develops through 4 stages: egg, larva (5 instars), pupa, and adult (Mason 
et al 1996). Diapausing fifth instars overwinter in corn stalks, corncobs, and weed stems 
(Mason et al. 1996). The number of generations an O. nubilalis population goes through 
varies, depending on the climate of the area. In Iowa, O. nubilalis is generally bivoltine. 
Currently, chemical insecticides, resistant corn varieties, cultural control methods, 
and biological control agents (Mason et al. 1996) control O. nubilalis populations. Crop 
rotation with non-corn hosts (Levine and Oloumi-Sadeghi 1991), chemical controls at 
planting (Mayo 1986, Tollefson 1990, Gray et al. 1993), and aerial insecticide applications 
(Pruess et al. 1974, Meinke et al. 1998) are the most common management tactics for 
controlling the corn rootworm complex. Soil insecticides are applied annually to control 
larval damage. Aerial insecticides are applied to control adult silk and pollen feeding and 
larval injury the following growing season. The recent development of genetically-modified 
plants provides growers with a new and effective control agent. 
The concern for environmental quality and the adverse affects of pesticides have 
stimulated the development of genetically-modified plants and non-chemical control 
methods. The focus of entomologists is to develop environmentally safe control agents that 
are as effective as pesticides. 
One alternative, Bacillus thuringiensis (Berliner) (Bt) has been used successfully as a 
broadcast insecticide for approximately thirty years. Recently, scientists have cloned and 
incorporated the Bt gene into the genome of corn plants, resulting in Bt corn (Ogiware et al. 
1992). The major advantage of these plants is the continuous expression of Bt in all growth 
stages. Continuous expression of Bt provides season long control of O. nubilalis 
populations. The effectiveness of the endotoxin, however, could result in a strong selection 
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pressure for resistant individuals (McGaughey and Oppert 1996). The development of Bt-
resistant populations of other pests has made it imperative that entomologists develop 
resistance management strategies for O. nubilalis and Diabrotica spp. populations. 
A resistance management strategy currently recommended by the EPA includes two 
complementary parts for O. nubilalis: high dose Bt endotoxin and refuge to produce 
susceptible insects. In order to prevent the development of resistant Diabrotica spp. and O. 
nubilalis populations, growers are required to plant refuge areas in or around cornfields to 
provide a non-selective environment for propagation (Gould and Anderson 1991). This 
reduces selection for genes that confer resistance. The high-dose strategy assumes resitance 
is recessive and requires Bt levels in the plant to be sufficiently high to kill 100% of all 
susceptible larvae and 100% of larvae that might have one copy of a resistance gene (i.e. 
heterozygous individual) (McGaughey and Oppert 1996). 
Registered Bt corn hybrids expressing CrylAb or CrylF proteins appear to satisfy 
high dose requirements for O. nubilalis (Walker et al. 2000, U.S. EPA 2001a). It is assumed 
the Bt dose in these hybrids is sufficient to kill heterozygous O. nubilalis (i.e., individuals 
with one copy of a resistance gene). Non-Bt refuges provide O. nubilalis susceptible to Bt 
corn. In theory these moths mate with rare resistant moths, which, assuming heterozygous 
insects die, dilute resistance genes (Tabashnik and Croft 1982). At this time, the EPA 
recommends planting 20% non-transgenic corn refuge within one half mile of the Bt corn 
(U.S. EPA 2001b). 
Most popcorn varieties are very susceptible to O. nubilalis and can produce large 
numbers of moths (Andrew and Carlson 1976, Wilson et al. 1993). An effective refuge, 
however, should produce ample insects that coincide with each generation of the natural 
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population (Ostlie et al. 1997). For most of the Corn Belt, this would be two generations of 
O. nubilalis. High production of O. nubilalis would increase the IRM value of popcorn and 
such a "super" refuge could open the door for reducing refuge percentages. 
Conversely, producing large numbers of O. nubilalis in a small area under certain 
conditions could result in increased selection for resistance. There could be a high number of 
O. nubilalis larvae moving at the interface of popcorn and Bt corn, especially if larval 
movement is density dependent. Late instars moving from popcorn to transgenic corn could 
violate the high-dose strategy if heterozygous late instars that move from popcorn survive on 
transgenic corn (Dulmage et al. 1978, Ebora et al. 1984, Davis and Coleman 1997). Also, 
there are questions concerning possible "source-sink" effects (Caprio 2001). Value of a 
refuge might be reduced if O. nubilalis from popcorn mostly oviposit in Bt corn and few 
reinfest popcorn, or if O. nubilalis produced in popcorn did not mate randomly. Information 
pertaining to popcorn's influence on larval movement and adult attraction is important to 
understand and is pursued in the second chapter. 
High production of Diabrotica beetles in popcorn also could be important for 
resistance management. Similar to O. nubilalis, beetle emergence from refuge should 
coincide with emergence of the natural population of beetles and emergence of beetles from 
Bt com. Beetles surviving on Bt com appear to have delayed development, which means 
refuge should also provide susceptible Diabrotica beetles to mate with the late emerging 
beetles from Bt com (U.S. EPA 2003a). High production of Diabrotica beetles and overlap 
with delayed emergence from Bt com would increase the IRM value of popcom and could 
open the door for a single high production refuge for both O. nubilais and the rootworm 
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complex. Information pertaining to popcorn's influence on Diabrotica beetle attraction and 
emergence is important to understand and is pursued in the third chapter. 
Potential value of popcorn as a Diabrotica beetle refuge for Bt corn is considered in 
the third chapter with a series of experiments conducted over three growing seasons. These 
experiments focus on comparing Diabrotica beetle recruitment from different varieties of 
popcorn, mixtures of these varieties, and conventional field com, and understanding effects 
of com hybrid (popcom, field com, and transgenic com), artificial infestation, and insecticide 
on beetle emergence. 
Objectives 
The objectives of this dissertation were: 
1. To determine if more European com borer larvae are produced in popcom than field 
com and how popcom may impact the distribution of com borer egg masses and 
larvae. 
2. To determine if popcom influences the distribution of com rootworm adults and how 
adult com rootworm distribution changes over time. 
3. To determine if similar numbers of com rootworm beetles are emerging from 
popcom, field com, and Bt com 
4. To determine if the rate of com rootworm emergence from different com varieties is 
similar. 
Literature Review 
European corn borer 
Life History and Description. The European com borer, Ostrinia nubilalis (Hiibner), 
was accidentally introduced into the United States in the early 1900's. This pest was first 
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discovered in 1917 in Massachusetts (Baker et al. 1949) and in Iowa in 1942 (Harris and 
Brindley 1942). Ostrinia nubilalis has a wide host range, infesting other grasses and weed 
species (Caffrey and Worthley 1927a, Hodgson 1928). Presently, O. nubilalis is a serious 
pest of corn, Zea mays L., causing an estimated $1-2 billion in yield loss and control costs 
annually (Ostlie et al. 1997, Russnogle 1997, Hyde et al. 2001). In Iowa, O. nubilialis 
damage ranks second annually to the corn rootworm complex (Bergman et al. 1985). 
Ostrinia nubilalis develops through four stages: egg, larva (5 instars), pupa, and adult. 
When eggs are first oviposited they are white in color but turn pale yellow with time, ending 
with the blackheaded stage just before larvae eclose. Larvae are light brown to dark brown 
with a brown or black head and have several rows of brown and black spots. Newly eclosed 
larvae (neonates) are about 6 mm in length and fifth instars are about 2.5 cm in length 
(Caffrey and Worthley 1927b, Steffey et al. 1999). Pupae are light brown to dark brown in 
color and about 1.3 to 1.6 cm in length (Caffrey and Worthley 1927b, Steffey et al. 1999). 
Female moths are pale yellow to light brown in color, while male moths are pale brown to 
dark brown. Females generally are slightly larger than males. 
In Iowa, O. nubilalis has two generations. Diapausing fifth instars overwinter in corn 
stalks, com cobs, and weed stems (Mason et al. 1996). In the spring, warm soil temperatures 
and increasing day length allow overwintering fifth instars to break diapause and resume 
development. These newly active fifth instars pupate and adults emerge from late May to 
late June. 
Adults lay eggs on com and other suitable hosts. First generation moths generally lay 
two egg masses per night for ten days and average 15 eggs per mass (Mason et al. 1996). 
Eggs hatch in 3 to 7 days. First and second instars feed on the succulent leaf material in the 
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protective environment of the whorl. Later instars tunnel into the stalk and feed on the pith 
of the plant. Larvae pupate in the stalk and emerge as adults from late July to early August. 
Second generation moths generally lay an average of 30 eggs per egg mass (Mason et al. 
1996) on tasselling or reproductive stage com. Females lay an average of 30 eggs per mass 
(Mason et al. 1996). First and second instars feed on sheath and collar tissues or pollen. 
Third and fourth instars feed on leaves and tunnel into leaf midribs and stalks. Late fourth 
and early fifth instars feed in the stalks until the onset of cooler temperatures. The number of 
generations an O. nubilalis population has varies with the climate of the area: one generation 
(univoltine) per year in the northern states and Canada; two generations (bivoltine) per year 
throughout most of the Com Belt; and three or four generations (mulitvoltine) per year in the 
southern states (Mason et al. 1996). 
Damage. In the Com Belt, O. nubilalis is considered a perennial pest (Lynch 1980), 
but an occasional pest in certain areas (Stem et al. 1959). Patch et al. (1941, 1942) reported a 
3% yield reduction per larva per plant. However, yield loss varies dependent upon timing of 
infestation, geographical location (Everett et al. 1958, Kwolek and Brindley 1959), hybrid, 
stage of hybrid development, level of infestation, and environment (Lynch 1980). 
In general, first generation O. nubilais feed on whorl-stage com. Young larvae feed 
on leaf material (1st to 3rd instars) and older larvae (3rd to 5 th instars) tunnel into com stalks. 
First generation com borer can cause yield losses of 5-6% per larva (Bode and Calvin 1990). 
These losses are primarily due to the disruption of physiological pathways and water and 
nutrition absorption in the developing com plant. Conversely, losses from second generation 
larvae cause both physiological loss and harvestable yield loss. 
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Second generation larvae feed on corn stalks, ears (including silks), and ear shanks, 
which results in yield losses of 2-3% per larva per plant (Bode and Calvin 1990, Pilcher and 
Rice 2001). The major cause of yield loss is physiological damage caused to corn plants by 
larvae tunneling in stalks (Patch et al. 1951, Lynch 1980). Larvae feeding in the ear shank 
often cause yield loss due to unharvestable ears. Feeding on the ear shank causes ear 
droppage, which renders the ear non-harvestable with machinery. When plants are heavily 
infested, feeding on com stalks by larvae also can cause loss of ears through plant breakage. 
Sampling and Management of European corn borers. Traditionally, cultural 
control, biological control, chemical control, and host-plant resistance have been used to 
control O. nubilalis populations. Caffrey (1926) concluded that combinations of cultural 
control methods such as clean plowing, and shredding and burning of com residue with 
planting-date adjustments significantly reduced overwintering O. nubilalis populations. 
Extensive studies of biological control agents have been conducted since 1919 (Jones 
and Caffrey 1927). However, consistent effective control has not been achieved with any 
one biological control agent (Lewis and Lynch 1978, Lewis and Johnson 1982, Cossentine 
and Lewis 1988, and Bing and Lewis 1991) and mass production of the biological control 
agents is too expensive (Losey and Calvin 1995, Wang et al. 1999). 
Effective control of O. nubilalis larvae with different classes of insecticides (Hudon 
1962, Harding et al. 1968, Berry et al. 1972, Brindley et al. 1975 and Koziol and Witkowski 
1981) is closely related to timing of application (Showers et al. 1989). Mason et al. (1996) 
reported that one insecticide application should be applied 10-14 days after the initial first 
generation O. nubilalis egg masses are observed and one to two insecticide applications after 
second generation O. nubilalis eggs hatch and before larvae begin to tunnel into com stalks. 
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However, insecticide application is only justified when O. nubilalis densities reach 
the economic threshold (ET), which is often 80% of the economic injury level (EIL) (Mason 
et al. 1996). A suggested EIL is the number of O. nubilalis in the field that represents the 
breakeven point between the cost of insecticide control and amount of yield protected with 
insectide control (Mason et al. 1996). The ET is the number of O. nubilalis in the field that 
insecticide control should begin to prevent O. nubilalis densities from reaching or exceeding 
the EIL. Currently the EIL varies with stage of com development, expected yield, crop 
market value, cost of a control tactic, and the expected control with insecticide application 
(Mason et al. 1996). The EIL is 1 larva per plant at the 10-leaf (mid-whorl) stage and 2.5 
larvae per plant at the dough stage (Mason et al. 1996). Numbers of egg masses are often 
used to determine the ET for second generation O. nubilalis because oviposition occurs for a 
longer period time than during first generation. An economic threshold of 0.12 to 0.14 egg 
masses per plant is recommended for second generation O. nubilalis (Showers et al. 1989). 
Because O. nubilalis larvae tunnel into com plants insecticide applications must be applied 
before larvae bore into com plants, which makes timing essential for control. 
In order to properly time insecticide application sampling (scouting) techniques have 
been developed for first and second generation O. nubilalis. Scouting techniques to estimate 
first-generation O. nubilalis are focused on larvae, while second-generation scouting is 
focused on egg masses (Showers et al. 1989, Mason et al. 1996). Estimates of first 
generation O. nubilalis are made using light traps, degree-day models to determine timing of 
oviposition, com phenology assessments, and random com plant samples to determine larval 
infestations (Mason et al. 1996). Heliothine-cone, aerial water-pan, nylon-mesh cone 
(Webster et al. 1986), and conventional (Bartels and Hutchinson 1998) and modified 
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Hartstack-wiremesh cone (Mason et al. 1997) pheromone traps effectively capture O. 
nubilalis adults. Yet, blacklight traps captured moths as much as two weeks earlier than 
pheromone traps (Oloumi-Sadeghi et al. 1975, Bartels and Hutchinson 1998). 
Pheromone and light trapping of O. nubilalis adults are also commonly used to 
estimate egg mass density during second generation. In addition to trapping, drop nets 
(Showers et al. 1976) the flush bar technique can be used to monitor O. nubilalis adults in 
action sites and estimate numbers of egg masses in corn (Sappington and Showers 1983). 
Second-generation egg mass density can be reduced using mating disruption in and around 
action sites (Fadamiro et al. 1999). Mating is delayed or does not occur when mating 
disruption tools, metered-semiochemical timed release system (MSTRS™) and Shin-Estu 
ropes are used (Fadamiro et al. 1999). In addition, egg mass quantity and quality are reduced 
with both mating disruption tools (Fadamiro et al. 1999). 
Host-plant resistance is the most common management tool for O. nubilalis; which 
has been possible because of efficient insect-rearing methods (Guthrie et al. 1965, Lewis and 
Lynch 1969, Brindley et al. 1975). Klun and Robinson (1969) reported high concentrations 
of DIMBOA, (2,4-dihydroxy-7-methoxy-l,4-benzoxzin-3-one), in seedling maize, which 
generally explains the resistance of vegetative maize to first generation O. nubilalis. 
Historically, most host-plant resitance research focused on leaf feeding on vegetative com 
(Guthrie et al. 1970, 1972), which has resulted in most commercial hybrids having some 
resistance to first generation O. nubilalis (Guthrie and Barry 1989). Host plant resistance 
research to sheath and collar feeding of second generation O. nubilalis (Guthrie et al. 1970), 
however, has been less successful (Guthrie and Barry 1989). Only four com varieties are 
resistant to O. nubilalis sheath and collar feeding: B86 (Russell and Guthrie 1979, Guthrie et 
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al. 1985); SC213 (Gutrie et al. 1982); BS9 (Russell and Guthrie 1982); and DE811 (Hawk 
1985). 
Progrees made in selecting com varities resistant to both O. nubilalis generations 
(Soon-Kwon et al. 1989), has been accomplished using recurrent selection (Nyhus et al. 
1989). However, recurrent selection programs are often less successful than expected (Smith 
1984, Klenke et al. 1988) because resistance to leaf (Guthrie 1989) and sheatn and collar 
feeding (Guthrie et al. 1984, Guthrie 1989) are polygenic. Guthrie (1989) reported that eight 
genes control leaf feeding resistance and seven genes control sheath and collar resistance in 
com with only two or three of 12 chromosome arms in common (Guthrie et al. 1989). In 
addition, recurrent for selcection for resistance to both O. nubilalis generations have lead to 
inbreeding depression and reduced agromomic traits (i.e. yield and kernel weight) (Klenke et 
al. 1988) in resulting com varities. Because most resistant varities are lower yielding 
researchers continue to search for and try to produce com varities resistant to both O. 
nubilalis generations, which could reduce the need for insecticides. 
The concern for environmental quality, adverse affects of insecticides, and need for 
season-long control of pest populations has stimulated the development of genetically-
modified plants and other non-chemical control methods. For many years, entomologists 
have focused on developing environmentally safe control agents that are as effective as 
insecticides. Recently, genetically-modified com has been developed to provide season-long 
control of O. nubilalis. 
Scientists have cloned and incorporated a gene for the Cry protein into the genome of 
com plants (Ogiware et al. 1992). These com hybrids express a crystalline protein endotoxin 
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from the ubiquitous soil bacterium Bacillus thuringiensis (Berliner) (Bt) that is toxic to O. 
nubilalis, but virtually non-toxic to humans, fish, mammals, and other non-target organisms. 
The Cry protein is activated in the alkaline stomach environment of lepidopterans and 
a select set of other insects (McGaughey and Oppert 1998). The protein crystal is solubilized 
based on pH and detergency conditions in the gut (Bauer 1995). The solubilized protein is 
proteolytic ally cleaved into the active toxin (Ogiware et al. 1992). The active toxin binds 
with high affinity to one or more membrane-bound proteins associated with midgut epithelial 
cells (Van Rie 1991). The toxin then intercalates in the cell membrane and forms a pore 
(Bauer 1995). The flow of solutes and water into the cell through the pore disrupts the 
osmotic balance inside the cell. The buildup causes the cell to burst (Knowles and Ellas 
1987). The destruction of the gut and onset of septicemia eventually leads to insect death. 
Bt has been used successfully as a broadcast insecticide for approximately thirty 
years. Bt corn hybrids expressing Bacillus thuringiensis spp. kurstaki have been 
commercially available since 1996 (Koziel et al. 1993) and are growing in popularity (Pilcher 
et al. 2002). Currently, in the U.S. there are four commercially available types of Bt corn for 
the control of lepidopteron pests: event MON8IO, Monsanto Co., St. Louis, MO; and event 
BT11, Northrup King Co. (now Syngenta Seeds, Inc., Golden Valley, MN), which express 
CrylAb protein and are sold under the trade name YieldGard®; and event TCI507 (Dow 
Agro Sciences, Indianapolis, IN and Pioneer Hi-bred, Johnston, IA) which expresses Cry IF 
protein and is sold under the tradename Herculex I®. 
Resistance Management. Continuous expression of Bt by corn hybrids provides 
season-long control of O. nubilalis populations. The effectiveness of the endotoxin, however, 
could result in a strong selection pressure for individuals that are resistant to Bt toxins 
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(McGaughey and Oppert 1998). Resistance to B. thuringiensis toxins has been observed 
with other insects (Gould 1988, Tabashnik 1994, Federici 1998, Gahan et al. 2001). Several 
strategies to manage insect resistance to genetically-modified plants have been proposed 
(Gould 1998, Roush 1998). The development of Bt-resistant populations of other insect 
pests has made it imperative that entomologists develop resistance management strategies for 
O. nubilalis. 
The resistance management strategy currently recommended by the United States 
Environmental Protection Agency (EPA) includes two complementary parts: a high dose of 
Bt endotoxin and refuge of non-Bt plants to produce susceptible moths (Fishhoff 1996, U.S. 
Environmental Protection Agency 1998). Based on previous research on resistance, 
researchers predict that resistance will be recessive (Tabashnik et al. 1992, Liu et al. 1999, 
Liu et al. 2001, Tabashnik et al. 2002). The high-dose strategy requires the Bt levels in the 
plant to be sufficiently high to kill 100% of all susceptible O. nubilalis larvae and nearly 
100% of larvae that might have one copy of a resistance gene (i.e., heterozygous individuals) 
(Tabashnik 1994). The key point is that most of the heterozygous individuals must be killed. 
This is because most of the resistance genes, according to the Hardy-Weinberg Law 
(Falconer 1981), are found in heterozygous individuals. A refuge, the second part of this 
strategy, provides susceptible O. nubilalis adults that theoretically mate with individuals with 
rare resistance genes. The intention is to keep the frequency of resistance genes low by 
diluting them with susceptible genes (Tabashnik 1997). 
In order to prevent the development of resistant O. nubilalis populations, 
entomologists recommend that producers place refuge areas in or around cornfields to 
provide a non-selective environment for O. nubilalis propagation (Gould and Anderson 
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1991). The role weeds will have in this scenario is uncertain, but it is likely alternate host 
plants may play an important role in the development of resistance management programs. 
Weeds could benefit resistance management programs as refuge plants if they produce a 
significant number of O. nubilalis. On the other hand, they could be a detriment to resistance 
management programs if there is significant O. nubilalis larval movement between weeds 
and com (Roush 1994). Larvae can move from a Bt com plant to a non-Bt plant after 
feeding minimally on Bt com plants (Davis and Onstad 2000). There also is evidence that 
young O. nubilalis larvae develop on non-Bt hosts and move into the Bt com as late instars. 
Such movement could be problematic for the high-dose strategy for two reasons. First, late-
instar O. nubilalis larvae have a higher tolerance for Bt. Second, Bt levels decline in the later 
stages of plant development (McGaughey and Oppert 1998, Walker et al. 2000). There is a 
possibility that late-instar O. nubilalis larvae moving from weeds into Bt com might 
encounter low levels of Bt. This would challenge the high-dose approach if heterozygous 
individuals survive. In this case, the frequency of resistance genes could increase 
dramatically and threaten Bt technology. 
Corn Rootworms 
Life History and Description. Com rootworms are estimated to cost com producers 
billions of dollars annually in crop losses and control costs (Krysan and Miller 1986, 
Chandler et al. 1995). Western com rootworms, Diabrotica virgifera virgifera LeConte, and 
northern com rootworms, Diabrotica barberi Smith and Lawrence, are two of four com 
rootworm species in the U.S. These two species along with the southern corn rootoworm, 
Diabrotica undecimpunctata howardi Barber, are referred to as the com rootworm complex. 
Western com rootworms and northern com rootworms overwinter in Iowa and are the most 
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common species in this area (Luckmann 1978). Southern corn rootworms migrate into the 
Corn Belt from the Southern U.S. and are generally of little economic importance in Iowa 
(Luckmann 1978, Krysam and Miller 1986). The Mexican corn rootworm, Diabrotica 
virgifera zeae Krysan and Smith, is the fourth species of corn rootworms and is primarilay 
distributed in Central America but is present in the U. S. as far north as Kansas (Krysan and 
Miller 1986). 
Western corn rootworm adults are about 6.35 mm in length and are yellow with black 
stripes on each elytra. LeConte first identified the western corn rootworm in Kansas in 1868 
(Chiang 1973) and it was first considered a pest in Colorado in 1909 (Gillette 1912). 
Western corn rootworms were considered a major pest of corn in the Western Corn Belt 
(Nebraska and Kansas) by the 1940's (Ball 1957) and have increased their distribution 
extensively since 1955 (Chiang 1973). Presently, western com rootworms are found in all 
corn-producing states from Colorado to the East Coast (Krysan and Miller 1986). 
Northern corn rootworms are generally slightly smaller in size than western corn 
rootworms and are light tan to pale green in color. Thomas Say first recorded northern corn 
rootworms in Colorado in 1824 (Say 1824). The switch of northern corn rootworms from 
their native grass hosts to corn was first noted by Webster (1895). Northern corn rootworms 
were primarily found in the north-central region of the U.S. in 1955 (Chiang 1973). 
Western and northern corn rootworms overwinter as eggs and have one generation 
per year (univoltine). In general, eggs hatch in early June and larvae have three instars. First 
instars utilize CO2 emissions by corn roots during respiration to locate hosts (Strnad and 
Bergman 1987a, 1987b, Hibbard and Bjostad 1988, Gustin and Schumacherl989, Bemklau 
and Bjostad 1998). Primarily, first instars feed on fine root hairs (Chiang 1973) and second 
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and third instars migrate to and tunnel into young nodal root apexes, which stops root 
elongation and gives roots the appearance of being pruned (Riedell and Kim 1990). In Iowa, 
corn rootworms take about one month to complete the larval stage and 10 to 12 days to 
complete the pupal stage (Jackson and Eliot 1988, Woodson and Jackson 1996). 
Nowatzki et al. (2002b) reported that the first com rootworm emerges around 4 July 
in Iowa. Western corn rootworms emerge a few days earlier than northern corn rootworms 
(Ruppel et al. 1978, Bransonl987) and protandry is observed in both species (Jackson and 
Elliot 1988, Nowatzki et al. 2002b). Adults feed on pollen and silks (Branson 1987) and 
mate within 24 h after emergence in the cornfield (Ball 1957, Quiring and Timmons 1990). 
Females require a 12 to 14 d period of development (preovipositional period) (Hill 1975), 
after which western corn rootworms oviposit an average of 1000 eggs per female (Branson 
and Johnson 1973, Hill 1975) and northern corn rootworms oviposit an average of 274 eggs 
per female (Naranjo and Sawyer 1987). Most eggs are laid in the top 10-20 cm of soil 
(Pruess et al. 1968, Foster et al. 1979, Hein et al. 1985b, Levine and Oloumi-Sadeghi 1991). 
Corn rootworm adults frequently move within the field (trivial movement) (Cinerski and 
Chiang 1968), as long as food (pollen and silks) quality is good (Wikowski et al. 1975, 
Naranjo 1991, Nowatzki et al. 2003). If food quality decreases, intra-field movement often 
occurs (Darnell et al. 2000). 
Damage. Larvae feed primarily on corn roots in the soil causing plant lodging and 
yield reduction (Apple et al. 1977, Spike and Tollefson 1991, Godfrey et al 1983). Larval 
feeding on corn roots affects physiological and biochemical processes of the plant 
(Gavlowski et al. 1992, Riedell 1993, Riedell and Reese 1999) as well as standibility (Spike 
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and Tollefson 1991). Severe lodging often occurs when larval feeding overlaps with strong 
wind and heavy rain, which makes mechanical harvest of ears difficult or impossible. 
Capinera et al. (1986, Culy et al. 1992, Strachan and Kaplan 2001) reported that grain 
yield and seed quality of hybrid seed corn is reduced when corn silks are clipped by adult 
corn rootworms. This often results in minor economic damage, but com rootworm adults 
may transmit chlorotic mottle virus (Jensen 1985, Nault et al. 1978) or com stalk rot fungi 
(Gilbertson et al. 1986) to com plants. 
Sampling and Management of Corn Rootworms. In the modem era crop rotation 
with non-com hosts (Levine and Oloumi-Sadeghi 1991) and chemical control at planting 
(Mayo 1986, Tollefson 1990, Gray et al. 1993) are the most common management tactics for 
controlling com rootworm larval injury. Although effective, crop rotation failures have been 
documented (Tate and Bare 1946). Chiang (1965) concluded that these failures were due to 
extended diapause. Both northern com rootworms (Krysan et al. 1984, Steffey et al. 1992, 
O'Neal et al. 1999) and western com rootworms (Levine et al. 1992, Levine and Oloumi-
Sadeghi 1996) have populations with extended diapause. In Iowa, populations exist that 
exhibit extended diapause (Rice and Tollefson 1999) and can cause significant yield loss 
(Rice 2001). 
Crop rotation failure also has been attributed to establishment of a variant of the 
western com rootworm that oviposits in soybean fields (Levine and Gray 1996). This new 
strain of western com rootworms has a preference for feeding on soybean, Glycine max L., 
leaves (Sammons et al. 1997, O'Neal et al. 1999, Spencer et al. 1999, Isard et al. 2000) and 
ovipositing (Spencer et al. 1998, O'Neal et al. 2001, O'Neal 2002) in soybean fields. 
Western com rootworm adults and eggs are commonly found in soybean fields (Shaw et al. 
18 
1978, O'Neal et al. 1999, O'Neal et al. 2001). Darnell et al. (2000) reported that corn 
phenology significantly influenced western corn rootworm distribution and O'Neal et al. 
(2002) attributed corn rootworm adult captures in soybeans to corn phenology. Additionally, 
com rootworm adults accepted soybean leaves more readily in the presence of older com 
(O'Neal et al. 2002). Only once has western com rootworm emergence been reported from 
first year com, in Iowa (Rice and Tollefson 1999). 
Western com rootworm larvae and adults also have developed resistance to soil 
insecticides and broadcast insecticides, in areas where com is grown continuously in the 
same field (Meinke et al. 1998). In the Western Com Belt, com rootworm populations are 
controlled by applying insecticide to the soil at planting to control western com rootworm 
larvae (Mayo and Peters 1978) or by a foliar insecticide applications to control adult western 
com rootworms (Pruess et al. 1974, Mayo 1976). Resistance to soil-applied chlorinated 
hydrocarbons (aldrin and heptachlor) was initially observed in western com rootworm larvae 
(Ball and Weekman 1963). After resistance to chlorinated hydrocarbons was verified, 
producers applied organophosphates and carbamates to control com rootworm larvae (Mayo 
1986). In the 1980's, organophosphate and carbamate insecticides failures were reported. 
Felsot et al. (1982, 1985) suggested enhanced microbial degradation and not resistance was 
the cause of organophosphate and carbamate failures in high insecticide use areas. All 
insecticides are not susceptible to enhanced microbial degradation (Felsot and Lew 1989, 
Little et al. 1992). Soil-insecticide failures lead to increase aerial insecticide applications to 
control com rootworm adults, which controlled larval injury the following season. 
In continuous com growing areas of the Com Belt, aerial applications of carbamate 
and organophosphates to manage larval injury by reducing adult western com rootworm 
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beetle populations began in the 1960's (Meinke 1995). Hill et al. (1948, Mayo 1976, Pruess 
et al. 1974) previously reported reductions in adult beetle populations could reduce larval 
injury the next season. Aerial applications of organophosphate (methyl parathion) and 
carbamate (carbaryl) insecticides were effective until the 1990's, when control failure began 
to occur (Wright et al. 1996). Meinke et al. (1998) reported resistant adult western com 
rootworm populations in Nebraska were 16 times more tolerant to methyl-parathion and 9 
times more tolerant to carbaryl than susceptible adult western com rootworms. 
Although crop rotation and chemical insecticides are the most common form of com 
rootworm control, other cultural control methods have been evaluated. Tillage, planting date 
adjustments (Gray and Tollefson 1987, 1988, Oloumi-Sadeghi and Levine 1989), planting 
density adjustments (Weiss and Mayo 1985, Meinke 1995, Nowatzki et al. 2002a), and 
manure application (Mihm 1974, Solano 1994, Allee and Davis 1996) have resulted in 
minimal reductions in larval injury, while host plant resistance has resulted in significant 
reductions in larval injury (Riedell and Evenson 1993, Hibbard et al. 1999). 
Host plant resistance in com to com rootworm feeding is primarily through tolerance 
(Wilson and Peters 1973, Branson et al. 1983, 1986) but some resistance exists (Russell et al. 
1971, Kahler et al. 1985). Tolerance often results from production of large root mass and the 
hybrid's ability to regenerate roots (Chiang 1973, Fitzgerald and Ortman 1964, Branson et al. 
1982, Riedell and Evenson 1993). Recently antibiosis by plants expressing high levels of 
2,4-Dihydroxy-7-methoxy-l,4-benoxazine-3-one (DIMBOA) in root systems (Xie et al. 
1990, 1992a, Assabgui et al. 1993, 1995a, 1995b) and antixenosis when roots were treated 
with hydroxamic acids (Xie et al. 1992b) have been reported. Hibbard et al. (1999) reported 
that native resistance can significantly reduce damage by com rootworm larvae. Recent 
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advances in plant breeding and genetics also have allowed the incorporation of B. 
thuringiensis genes into com plants for control of com rootworm larvae (U. S. EPA 2002, 
Ellis et al. 2002). 
In an effort to manage com rootworms, a number of sampling procedures have been 
developed to estimate population density of all stages of com rootworms. Sampling com 
rootworm adults by counting beetles on com plants (whole-plant or ear zone), yellow sticky 
traps (Hein and Tollefson 1984, Hein and Tollefson 1985a), and in emergence traps (Hein 
and Tollefson 1985b, Hein et al. 1985b) are the most commonly used methods to determine 
population density. Plant counts (whole-plant and ear zone) are more precise (Tollefson 
1975, Steffey and Tollefson 1982) and less expensive (Steffey et al. 1982) than sticky traps. 
In addition, Whitworth et al. 2002 suggests lure traps, baited with eugenol or 4-
methoxycinnamaldehyde, more accurately estimate northern and western com rootworm 
populations than sticky traps. Economic thresholds have been established for both ear zone 
counts (Wright et al. 1999) and Olson yellow sticky traps (Kuhar and Youngman 1998). 
Foster et al. (1982) developed a sequential sampling plan for com rootworm beetles using 
whole-plant counts. Adult sampling for com rootworm beetles is often used because current 
sampling methods for eggs and larvae are labor intensive (Bergman et al. 1981, Ruesink et al. 
1986, Tollefson 1990). 
Egg and larval sampling procedures require removal of soil, often in large quantities, 
before population density can be estimated. Egg samples have been collected using golf-cup 
soil cores (Patel and Apple 1967), garden trowels (Howe and Shaw 1972), spades, and metal 
frames (10 cm deep x 10 cm wide x 1 m long (Foster et al. 1979). Golf-cup soil cores are the 
most efficient and common method of sampling eggs (Hein et al. 1985b), but metal frames 
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are the most accurate method of sampling eggs (Foster et al. 1979). Eggs are sampled to 
estimate corn rootworm population density for monitoring and management. Eggs from soil 
cores are extracted by washing and floating eggs out of soil (Chandler et al. 1966, Shaw et al. 
1976). Berlese-type funnels (Fromm et al. 1998) and soil cubes (Fischer and Bergman 1986) 
are common sampling methods for larvae. 
Hills and Peter (1971) Iowa root-damage rating and Musick and Suttle (1972) 1-9 
scale are the most common methods for quantifying root injury by corn rootworm larvae. 
However, Rice and Oleson (2000) reported that a more linear relationship between the scale 
and root injury is achieved with the Iowa State Node-Injury Scale. 
Prophylactic use of chemical insecticides, development of resistance to chemical 
insecticides, and recent success with genetically-modified com for control of O. nubilalis has 
stimulated research in genetically-modified com for control of com rootworm. These com 
plants express CrySBbl protein, a delta-endotoxin from Bacillus thuringiensis spp. 
kumamotoensis, which has activity against certain beetles, in particular Diabrotica (U. S. 
EPA 2003a). The wild-type cry3Bbl gene was modified to enhance the protein's activity 
against the com rootworm complex. Event MON863 (Monsanto Company, St. Louis, MO) 
is the only registered event with the U.S. EPA, at this time. It is commercially available as 
YieldGard® Rootworm. 
Resistance Management. The EPA has adopted an interim (3 year) IRM strategy for 
the com rootworm complex similar to that of the European com borer. However, Cry3Bbl 
protein expression does not meet high dose criteria because a high percentage of beetles 
survive on these hybrids, unlike CrylAb for O. nubilalis (U. S. EPA 2003a). Despite lower 
protein expression, Bt com for com rootworms provides root protection. Bt com plants 
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consistently had root ratings less than 2; the economic threshold is 3.0 (on the Iowa 1-6 
scale) (U.S, EPA 2002). 
Although no Diabrotica beetles resistant to Bt corn plants have been found, non-Bt 
corn refuge is required. Corn refuge should provide susceptible Diabrotica beetles, which in 
theory will mate with resistant beetles from Bt com. At this time, the EPA requires planting 
20% non-genetically-modified com refuge within field or directly adjacent to Bt com fields 
(U.S. EPA 2003b). 
Unfortunately, Diabrotica beetle biology and trivial movement make it difficult to 
determine actual beetle production in refuge areas. Northern and western com rootworm 
adults are active flyers and commonly visit neighboring fields (Hill and Mayo 1980, 
VanWoerkom et al. 1983, Godfrey and Turpin, 1983). Most movement is in search of 
quality food (silks and pollen) by western (Ball 1957, Hill and Mayo 1974, Naranjo 1991, 
1994) and northern com rootworm beetles (Cinerski and Chiang 1968). However, Quiring 
and Timmons (1990) reported females mate within the first 24 h and within a few meters of 
their emergence sites. This behavior may effect random mating between resistant and 
susceptible beetles. If random mating does not occur benefits of refuge to resistance 
management is lost, which makes placement of refuge a major issue for managing Diabrotica 
beetle resistance. 
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CHAPTER 2. EVALUATING POPCORN AS A POTENTIAL REFUGE OF 
OSTRINIA NUBILALIS (LEPIDOPTERA : CRAMBIDAE) 
A paper to be submitted to The Journal of Economic Entomology 
Colothdian D. Tate1, Richard L. Hellmich2, and Leslie C. Lewis2 
ABSTRACT 
Popcorn was evaluated in two three-year studies for its potential as a refuge for European 
corn borer, Ostrinia nubilalis (Hubner), in two three-year studies. Objectives of these studies 
were to determine if more larvae were produced in popcorn than in field corn and to 
determine how popcorn influenced female oviposition and larval distribution within 
neighboring field corn. Two varieties of popcorn (Ml 40, 105d and M3374Y, 118d), one 
mixture of popcorn (50% 105d and 50% 118d), and field corn (DK580, 108d) were 
evaluated. Significantly higher densities of O. nubilalis larvae were found in popcorn than 
field corn. Moth oviposition and larval distribution were evaluated using 105d popcorn 
embedded in several cornfields across Iowa. Significantly more egg masses and larvae were 
found in the popcorn compared with field corn. One or two rows of field corn adjacent to 
popcorn tended to have higher numbers of egg masses and larvae compared with background 
field corn. Number of eggs per egg mass was significantly higher in popcorn than field corn. 
These data suggests more O. nubilalis are produced in popcorn than field corn. 
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Introduction 
Dramatic control of European corn borer, Ostrinia nubilalis (Hubner), with 
genetically-modified Bacillus thuringiensis (Bt) corn hybrids, which can protect yield as 
much as 37 bushels per acre in Iowa (Rice 1998), has stimulated interest in insect resistance 
management (IRM). The U.S. Environmental Protection Agency (EPA) has adopted an IRM 
strategy requiring high-dose plants and refuge (Tabashnik and Croft 1982; Roush 1989, 
1994). Registered Bt corn hybrids expressing CrylAb or Cry IF proteins appear to satisfy 
high dose requirements for O. nubilalis (Walker et al. 2000, U.S. EPA 2001a). It is assumed 
that resistance is recessive and the Bt dose in these hybrids is sufficient to kill heterozygous 
O. nubilalis (i.e., individuals with one copy of a resistance gene) (U.S. EPA 2001a). Non-Bt 
corn refuges could provide O. nubilalis susceptible to Bt corn. In theory moths from these 
refuges mate with rare resistant moths, which, assuming heterozygous insects die, dilute 
resistance genes (Tabashnik and Croft 1982). At this time, the EPA requires planting 20% 
non-transgenic corn refuge within one half mile of Bt com active against lepidoteran insects 
(U.S. EPA 2001b). 
Refuge for transgenic com should produce ample O. nubilalis moths whose flights 
coincide with each generation of the natural population (Ostlie et al. 1997). For most of the 
Com Belt, this would be two generations of O. nubilalis per growing season. Most popcorn 
varieties are susceptible to O. nubilalis and potentially could produce many moths (Andrew 
and Carlson 1976, Wilson et al. 1993). High production of O. nubilalis could increase the 
IRM value of popcorn and such a "super" refuge could open the door for reducing refuge 
percentages. 
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Conversely, producing large numbers of O. nubilalis in a small area under certain 
conditions could result in increased selection for resistance. There could be a high number of 
O. nubilalis larvae moving at the interface of popcorn and Bt corn, especially if larval 
movement is density dependent. Late O. nubilalis instars moving from popcorn to Bt com 
could violate the high-dose strategy if heterozygous late instars that move from popcorn 
survive on Bt com (Dulmage et al. 1978, Ebora et al. 1984, Davis and Coleman 1997). Also, 
there are questions concerning possible "source-sink" effects, in this case source is the refuge 
and sink is the transgenic com (Caprio 2001). Value of a refuge might be reduced if O. 
nubilalis from popcorn mostly oviposit in Bt com and few reinfest popcorn, or if O. nubilalis 
produced in popcorn did not mate randomly. 
Information pertaining to the influence of popcorn on larval movement and adult 
attraction is important to understand and is pursued in this paper. Potential value of popcorn 
as an O. nubilalis refuge for Bt com is considered with a series of experiments conducted 
over three growing seasons. These experiments focus on O. nubilalis production from 
various types and mixtures of popcorn and non-transformed field com, and understanding O. 
nubilalis egg mass placement and larval distribution in and near com refuge. 
Materials and Methods 
Numbers of O. nubilalis found in three varieties of popcorn, mixtures of these 
varieties, and field com were compared in 2000. In 2001 and 2002, only two varieties of 
popcorn, a mixture of these varieties, and field com were compared. In another experiment, 
distributions of egg masses and larvae in and near popcorn were measured in several fields in 
Iowa during all three years. 
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Popcorn Evaluations. Field tests to assess O. nubilalis production in three varieties of 
popcorn, four mixtures of these varieties, and field corn were conducted on the Iowa State 
University (ISU) AG 450 Farm in 2000 (Table 1). Two varieties of popcorn and a popcorn 
mixture of these varieties were compared with field corn at the ISU AG450 Farm (2001) and 
ISU Ankeny Research Farm (2002) (Table 1). Field com plots were planted at a rate of 
74,000 seeds per hectare and popcorn at a rate of 148,200 seeds per hectare (double planting; 
Table 2). Each year the treatments in 9 x 9 m plots were planted in a randomized complete 
block design and replicated five times. 
Five random, meter-square counts were taken in each plot to estimate plant 
population. During the first O. nubilalis generation (2001-2002) and second generation 
(2000-2002), ten plants were dissected in each plot with a grafting knife (Model IB, 
Camillus Cutlery Co., Camillus, NY) to determine larval densities. Plants dissected for O. 
nubilalis larvae were between VI2 and VT stages of development during first generation and 
R4 and R6 stages of development during second generation. 
Popcorn and Field Corn Proximity Experiments. Field corn was planted in fields > 20 
hectares on ISU farms AG450, Ankeny, and Atomic Bottom, and one private farm, 
Englebrecht, at approximately 74,000 seeds per hectare (Table 2). Three 9 x 9 m popcorn 
(105d) plots, separated by 30m, were planted within each field at a rate of 148,200 seeds per 
hectare. Samples were taken in four cardinal directions from each popcorn plot at 0m 
(popcorn edge), 0.8, 1.5, 3, 6, and 12m (1, 2, 4, 8, and 16 rows). During second O. nubilalis 
generation (2001- 2002), five plants were examined for egg masses at each sampling 
location. Number of eggs in each egg mass was recorded. Prior to harvest, five plants at 
each sampling location were dissected and inspected for larvae. These data were used to 
27 
determine egg mass and larval distributions in popcorn and adjacent field corn and to 
estimate size of egg masses along transects. 
Analyses. Second generation O. nubilalis larval production (per plant and per m2) from 
seven popcorn treatments and one field corn treatment in 2000 was analyzed with ANOVA 
(Proc Mixed, SAS Institute 1990). Corn treatment was treated as a fixed effect and block 
was treated as a random effect. In 2000-2002 larval production from four treatments (105d, 
118d, mixture popcorn, and field corn), was analyzed with ANOVA. Separate analyses were 
conducted for each O. nubilalis generation. Corn treatment was a fixed effect, while year, 
farm, and block were treated as random effects. ANOVA also was used to analyze number 
of egg masses, size of egg mass, and number of larvae. Distance (edge, 0.8, 1.5, 3.1, 6.1, and 
12.2m, which is equivalent to 0, 1, 2, 4, 8 and 16 rows) was treated as a fixed effect and 
random effects were year, farm, direction, and block. Orthogonal contrasts were used to 
compare larval production in popcorn with field com, field com (0.8m) with field com (1.5 
to 12.2m), and among field com treatments (1.5, 3.1, 6.1, 12.2m). Degrees of freedom were 
adjusted using Satterthwaite approximation method in all experiments. Means were 
separated using Tukey-Kramer mean separation procedures. Data were log transformed when 
standard deviations were proportional to the mean (heteroscedasticity) and distributions were 
skewed. 
Results 
Plant Densities. Actual plant densities of popcorn did not approach the hand-planted rate 
of 148,200 seeds per hectare; however field com populations were greater than 74,000 plants 
per hectare (Table 1). 
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Popcorn Evaluations. In 2000, when 7 popcorn treatments and field corn were evaluated 
for 2nd generation O. nubilalis larvae, no differences were detected for mean number of 
larvae per plant (Figure 1 A: F = 0.71, df = 7, 28, P = 0.72) or mean number of larvae per m2 
(Figure IB: F- 1.13, df = 7, 28, P = 0.38). In 2000-2002, when 3 popcorn treatments and 
field com were compared, no differences were detected in first generation O. nubilalis larval 
density per plant or O. nubilalis larval density per m2 (Figure 2). However, numbers of 
second-generation O. nubilalis larvae per plant and per m2 were significantly higher in 
popcorn than field com (Figure 3). 
Mean stage of development of O. nubilalis was not significantly different among the 
4 treatments during first (F = 0.03, df = 3, 26.3, P = 0.99) and second (F = 0.62, df = 3, 5.99, 
P = 0.63) generations. Most larvae sampled during each generation were fourth or fifth 
instars. 
Popcorn and Field Corn Proximity Experiments. Mean number of O. nubilalis egg 
masses found on com plants differed depending on the distance from popcorn plots. 
Significantly more O. nubilalis egg masses were found on popcorn than field com (Figure 
4A; F = 6.50, df = 5, 150, P = 0.0001). Orthogonal contrasts indicate significantly more O. 
nubilalis egg masses were found on popcorn at 0m than field com at 0.8-12.2m (Table 3). 
No significant differences in mean number of O. nubilalis egg masses were found on field 
com at 0.8m compared to field com at 1.5-12.2m. No significant difference in mean number 
of O. nubilalis egg masses was found among com plants at 1.5, 3.1, 6.1, and 12.2m away 
from popcorn. 
Size of O. nubilalis egg masses also significantly differed depending on their 
proximity to popcorn (Figure 4B; F = 3.98, df = 5, 141, P = 0.002). Significantly more O. 
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nubilalis eggs per egg mass were found on popcorn plants than on field corn plants further 
than 0.8m from popcorn plots. Orthogonal contrasts indicate significantly more O. nubilalis 
eggs per egg mass were found on popcorn plants than field corn at 0.8-12.2m (Table 3). No 
significant differences in mean number of O. nubilalis egg masses were found on field com 
at 0.8m than field com at 1.5-12.2m. No significant differences in number of O. nubilalis 
eggs per egg mass on field com plants were observed among com plants at 1.5, 3.1, 6.1, and 
12.2m away from popcorn. 
Mean number of O. nubilalis larvae found in com plants differed depending on 
distance from popcorn plots (Figure 4C; F = 42.23, df = 5, 151, P = 0.0001). Significantly 
more larvae per plant were found in popcorn than field com. Field com plants 0.8m from 
popcorn also had significantly more O. nubilalis larvae than field com at any distance further 
away from popcorn. Orthogonal contrasts indicated significantly more O. nubilalis larvae 
were found in popcorn than field com 0.8-12.2m (Table 3). Significantly more O. nubilalis 
larvae were found in field com plants at 0.8m than field com at 1.5-12.2m away from 
popcorn. No significant differences in mean number of O. nubilalis larvae found in field 
com plants at 1.5, 3.1, 6.1, and 12.2m away from popcorn. 
Discussion 
A large number of O. nubilalis moths should be produced in refuge com and these 
moths must be available to mate with possibly resistant moths during each generation. 
Planting, management, and harvest of alternative com refuges such as popcorn also should be 
compatible with existing practices and equipment, and should be agronomically compatible 
and affordable. Can popcorn satisfy these criteria? 
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In these studies popcorn compared with field corn produced up to 4.6 times more O. 
nubilalis larvae. This advantage varied from 0.98 to 1.4 times higher in the first generation 
and 2.4 to 4.6 times higher in the second generation. O. nubilalis production advantage per 
m2 also varied with up to four times more larvae found in popcorn than field com. This 
advantage in larval production varied from 1.1 to 1.6 times higher in the first generation and 
3.9 to 4.0 times higher in the second generation. O. nubilalis production from popcorn 
treatments (105d, 118d, and mixture) differed by generation in both per plant and per m2 
production. High survival of larvae in popcorn may be due to a lack of resistance factors. 
From 299 popcorn accessions, Wilson et al. (1993) found only fourteen varieties of popcorn 
with any resistance to whorl feeding by first generation O. nubilalis. No sheath and collar 
resistance to second generation O. nubilalis feeding have been documented for popcorn 
(Jarvis and Guthrie 1980). However, variability in O. nubilalis production is expected, and it 
is likely O. nubilalis production in popcorn refuge, or any refuge, would vary across the Com 
Belt and, depending upon planting date, hybrid genetics, and several ecological factors (e.g., 
agricultural landscapes and microhabitats), even vary on a farm. 
A focus on producing large numbers of O. nubilalis, rather than reducing O. nubilalis 
below economic thresholds, is clearly a switch in priorities from past research. The 
challenge is to develop a strategy that will consistently produce high numbers of O. nubilalis. 
One option is to plant refuge that attracts O. nubilalis oviposition during each generation. 
There are known rates of development for both O. nubilalis and com that are based on 
degree-day accumulations (Gilmore and Rogers 1958, Calvin et al. 1991). This would allow 
growers to select hybrids and planting dates that would produce stages of com that attract O. 
nubilalis oviposition during one or more generations. This at least would provide the 
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opportunity for high production of O. nubilalis. For the Corn Belt, one could consider 
planting mixed maturity corn hybrids, which would increase the length of anthesis and might 
lead to an increase in second generation O. nubilalis. Another possibility is to plant long 
maturity corn early with the goal of having V7 or greater stage of com development during 
O. nubilalis first flight and anthesis during the second flight. 
In this study, there was some advantage in planting mixed maturity hybrids or a long 
maturity hybrid. During the first generation, 1.3 times more larvae per m2 were found in the 
mixture (105 d and 118 d popcorn) than field com and 3.9 times more larvae per m2 were 
found in the mixture than field com during second generation. Later maturing popcom had 
1.8 times more first generation O. nubilalis larvae per m2 than field com. During the second 
generation, 4.0 times more O. nubilalis larvae per m2 were found in later maturing popcom 
than field com. Because popcom treatments were embedded in field com in these studies, it 
was not possible to plant popcom earlier than field com to test planting date effects. 
Development of O. nubilalis larvae in popcom and field com during all of the 
experiments and at all locations was similar, so moths emerging from popcom should fly at 
the same time as moths emerging from field com. This suggests sufficient susceptible moths 
would be available to mate with resistant ones as long as resistant moth development is not 
delayed and random mating occurs (Liu et al. 1999). 
Possible non-random mating issues due to size of refuge and production of more 
insects in a small area pose a potential problem with source-sink dynamics. In this case 
source is the refuge and sink is the transgenic com (Caprio 2001). Value of a refuge might 
be reduced if O. nubilalis from popcom mostly oviposit in transgenic com and few reinfest 
popcom, or if O. nubilalis produced in popcom did not mate randomly. Reduction in 
32 
percentage of refuge corn over a landscape would in effect increase the coarseness of the 
habitat, which could lead to non-random mating and reduced oviposition in refuge corn. 
These studies suggest oviposition is higher and egg mass size larger in popcorn than 
field corn. Increased oviposition in popcorn may indicate O. nubilalis females prefer 
popcorn over field corn. Female preference for popcorn may be due to pollen, attractant 
volatiles, or a lack of repellent chemicals (i.e., antixenosis factors). Binder and Robbins 
(1996) determined that egg mass size decreased as female age increased, which suggests that 
younger females are ovipositing on popcorn. Further studies could determine the age of 
ovipositing females, and possible com variety and landscape influences on oviposition. More 
and larger egg masses oviposited by O. nubilalis females on refuge plants would increase the 
value of these plants, if a high proportion of the larvae survive. 
Significantly more O. nubilalis larvae were found in popcom compared with field 
com. However, field com in the row adjacent to popcom had more larvae compared with the 
other field com. This result raises questions about the interface between non-transgenic 
refuge plants and transgenic plants. Early and late instars could move across this interface 
and violate the high dose strategy (Onstad and Guse 1999, Davis and Onstad 2000). 
Consequently, refuge planted in blocks in a neighboring field represents the smallest risk of 
larval movement and blocks or strips within a field represent the greatest risk of larval 
movement (Onstad and Gould 1998). Conversely, refuge planted in blocks in a neighboring 
field has the least potential for random mating and refuge planted in blocks or strips within a 
field has the most potential for random mating because of proximity of susceptible and 
resistant O. nubilalis moths. 
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Production, recruitment, and retention of O. nubilalis in popcorn refuge are evident, 
but popcorn and field corn could be viewed as incompatible. This incompatibility is due to 
an allele, which controls cross-pollination of these two subspecies. Field corn and popcorn 
silks are completely, partially, or non receptive of pollen from the other subspecies (Nelson, 
1952). Popcorn varieties commonly have the Gal-s allele, whereas field (dent) com 
commonly has the gal-s allele. Popcom Gal-s allele is partially dominant, when silks are 
homozygous Gal-s, and nonreceptive to gal-s field com pollen; however heterozygous 
(Gal-s gal-s) popcom silks are partially receptive to gal-s field com pollen (Demerec 1929, 
Nelson 1952,1993). Field com gal-s silks are completely receptive to cross-pollination with 
popcom pollen. Field com grain quality and value may be reduced when cross-pollination 
occurs. However, when two hybrids of different genetics pollinate one another xenia occurs, 
which could increase or decrease kernel size (Poehlman 1987). In addition, if the refuge area 
is small any negative impact may not be economical. 
If cross-pollination problems with popcom refuge are significant, popcom should be 
viewed as a model for future refuge. Harvesting popcom or any type of com refuge (tropical 
germplasm etc.) for grain may not be economical, because O. nubilalis production at this 
level could substantially reduce grain production in refuge. Therefore it may be more 
realistic to use a "sacrificial" refuge. However, growers may be opposed to sacrificing the 
acreage needed for a refuge. Further study is needed to determine how much production is 
required to economically justify a "sacrificial" refuge. 
Recent approval of Bt com for control of com rootworms, Diabrotica spp., and 
development of stacked-trait hybrids effective against both O. nubilalis and Diabrotica 
beetles means further research on refuge is needed. A refuge capable of producing 
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susceptible adults to help manage resistance in two insects is desirable. Effects of cultural 
practices, such as tillage, and pathogens should be evaluated to determine their effects on 
insect production in the refuge. Other types of com, including different accessions of 
popcom and com with tropical germplasm could be evaluated for potential as refuge plants. 
These questions should be answered before any type of com can be considered a viable 
refuge alternative to non-transgenic field com. 
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Table 1. Maturities and varieties of popcorn and field corn treatments used in the 
experiments; and mean number of plants ± SEM per m2 for each treatment Means for 
this table were calculated per treatment, but analysis means were calculated per 
treatment and year. All treatments were evaluated in 2000. Treatments in bold were 
used from 2000-2002 
Treatment Maturities Varieties Mean ± SEM 
1 108d Dekalb 580/5 10.2 ±0.72 
2 90d McHone 8368 10.1 ±0.87 
3 105d McHone 140 11.5 ±1.01 
4 118d McHone3374Y 11.6 ± 1.11 
5 90/105d McHone 8368/McHone 140 10.9 ±0.79 
6 90/118d McHone 8368/McHone 3374Y 10.2 ±0.60 
7 105/118d McHone 140/McHone 3374Y 13.5 ±0.72 
8 90/105/118d McHone 8368/McHone 140/McHone 3374Y 15.2 ±0.70 
Table 2. Farms, corn varieties, planting dates and pollination dates used during each 
year (2000-2002) for popcorn evaluation and proximity experiments. 
Popcorn Evaluation Experiments 
Farm Variety Planting Pollination 
AG450 Pioneer hybrid 33A14 (Pioneer Hi-bred, Johnston, IA) 29 April 2000 30 July 2000 
AG450 Field corn and popcorn treatments 16 May 2000 9 August 2000 
AG450 Wilson 615 (Wilson Genetics, Harlan, IA) 9 May 2001 7 August 2001 
AG450 Field corn and popcorn treatments 10 May 2001 7 August 2001 
Ankeny Novartis 59-Q9 (Novartis Seed, Golden Valley, Mn) 28 April 2002 30 July 2002 
Ankeny Field corn and popcorn treatments 9 May 2002 30 July 2002 
Proximity Experiments 
Farm Variety Date 
AG450 Pioneer hybrid 33A14 (Pioneer Hi-bred, Johnston, IA) 29 April 2000 July 30 2000 
AG450 McHone 140 Popcorn (McHone Seed, Ames, IA) 16 May 2000 9 August 2000 
Ankeny Pioneer hybrid 33A14 (Pioneer Hi-bred, Johnston, IA) 29 April 2000 July 30 2000 
Ankeny McHone 140 Popcorn (McHone Seed, Ames, IA) 24 May 2000 16 August 2000 
Englebrecht Garst 8464 (Garst Seed, Slater, IA) 29 April 2000 July 30 2000 
Englebrecht McHone 140 Popcorn (McHone Seed, Ames, IA) 3 June 2000 16 August 2000 
AG450 Wilson 615 (Wilson Genetics, Harlan, IA) 9 May 2001 7 August 2001 
AG450 McHone 140 Popcorn (McHone Seed, Ames, IA) 10 May 2001 7 August 2001 
Ankeny Garst 8342 (Garst Seed, Slater, IA) 10 May 2001 7 August 2001 
Ankeny M140 Popcorn (McHone Seed, Ames, IA) 17 May 2001 14 August 2001 
Englebrecht Garst 8464 (Garst Seed, Slater, IA) 29 April 2001 30 July 2001 
Englebrecht McHone 140 Popcorn (McHone Seed, Ames, IA) 6 May 2001 30 July 2001 
Atomic Bottom Wilson 615 (Wilson Genetics, Harlan, I A) 3 May 2002 30 July 2002 
Atomic Bottom McHone 140 Popcorn (McHone Seed, Ames, IA) 4 May 2002 30 July 2002 
Ankeny Novartis 59-Q9 (Novartis Seed, Golden Valley, Mn) 28 April 2002 30 July 2002 
Ankeny McHone 140 Popcorn (McHone Seed, Ames, IA) 9 May 2002 30 July 2002 
Englebrecht Garst 8464 (Garst Seed, Slater, IA) 4 May 2002 30 July 2002 
Englebrecht McHone 140 Popcorn (McHone Seed, Ames, IA) 12 May 2002 30 July 2002 
Pollination refers to the last date plots were sampled before pollination occurred. 
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Table 3. Orthogonal contrast used to compare mean number of O. nubilalis egg masses, 
eggs per egg mass, and larvae found on/in popcorn and field corn plants at various 
distances from popcorn. 
Contrast (Egg masses) NDF DDF F P 
Popcorn 0m vs. field corn 0.8-12.2m 1 150 27.80 <0.0001 
Field com 0.8m vs. field com 1.5-12.2m 1 150 2.93 0.0890 
Field com 1.5, 3.1, 6.1, 12.2m 3 150 1.19 0.7356 
Contrast (Eggs per egg mass) 
Popcorn 0m vs. field com 0.8-12.2m 1 141 12.15 0.0007 
Field com 0.8m vs. field com 1.5-12.2m 1 138 2.93 0.0894 
Field com 1.5, 3.1, 6.1, 12.2m 3 140 2.49 0.0625 
Contrast (Larvae) 
Popcorn 0m vs. field com 0.8-12.2m 1 151 188.48 <0.0001 
Field com 0.8m vs. field com 1.5-12.2m 1 151 19.11 <0.0001 
Field com 1.5, 3.1, 6.1, 12.2m 3 151 1.19 0.3167 
Sampled field corn plants were 0.8, 1.5, 3.1, 6.1, and 12.2m from popcorn plot for years 
2000, 2001 and 2002. NDF is the numerator degrees of freedom and DDF is the 
denominator degrees of freedom. 
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Figure 1. (A) Mean number ± SE of 2nd generation O. nubilalis larvae found per plant in 
popcorn and field corn in 2000. (B) Mean number ± SE of 2nd generation O. nubilalis larvae 
found per m2 in popcorn and field corn in 2000. Day is represented by "d." 
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Figure 2. (A) Mean number ± SE of 1st generation O. nubilalis larvae found per plant in 
popcorn and field corn 2000-2002. Treatment means were not significantly different (F = 
1.58, df = 3, 27, P — 0.22). (B) Mean number ± SE of 1st generation O. nubilalis larvae 
found per plant in popcorn and field corn 2000-2002. Treatment means were significantly 
different (F = 7.19, df = 3, 6, P = 0.02). Day is represented by "d." 
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Figure 3. (A) Mean number ± SE of 2nd generation O. nubilalis larvae found per plant in 
popcorn and field corn 2000-2002. Treatment means were not significantly different (F = 
2.55, df = 3, 27, P = 0.08). (B) Mean number ± SE of 2nd generation O. nubilalis larvae 
found per m2 in popcorn and field com 2000-2002. Treatment means were significantly 
different (F= 8.77, df = 3, 6,P = 0.01). Day is represented by "d." 
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Figure 4. (A) Mean number ± SE of O. nubilalis egg masses per plant on popcorn and field 
com (2000-2002). (B) Mean number ± SE of O. nubilalis eggs per egg mass per plant on 
popcorn and field com (2000-2002). (C) Mean number ± SE of O. nubilalis larvae per plant 
on popcorn and field com (2000-2002). Sampled field com plants were 0.8, 1.5, 3.1, 6.1 and 
12.2m from popcorn plot (0m). 
45 
CHAPTER 3. INTERACTIONS OF WESTERN AND NORTHERN CORN 
ROOTWORM (COLEOPTERA: CHRYSOMELIDAE) WITH POPCORN IN 
CENTRAL IOWA 
A paper to be submitted to The Journal of Economic Entomology 
Colothdian D. Tate1, Richard L. Hellmich2, Douglas V. Summer ford2, Leslie C. Lewis2, and 
Debra E. Palmquist2 
ABSTRACT 
Two studies were conducted over three years to evaluate popcorn as a potential refuge for 
western, Diabrotica virgifera virgifera LeConte, and northern, Diabrotica barberi Smith and 
Lawrence, corn rootworms. Objectives of these studies were to determine if popcorn can 
manipulate corn rootworm distribution and to determine if corn rootworm emergence rates 
and total beetle emergence from popcorn and field-corn plots are similar. Two varieties of 
popcorn (105-d and 118-d), one mixture of popcorn (50%: 105-d and 118-d), and field com 
(108-d) were evaluated. Significantly higher numbers of western and northern com 
rootworm adults were captured from popcorn plots in 2000 and 2002. Adult com rootworm 
captures were not significantly different from popcorn and field-corn plots during 2001. 
Beetle emergence was evaluated from 20 plots of popcorn and field com with various 
treatment combinations. Emergence rates and total beetle emergence from popcorn plots 
tended to be lower than from field-corn plots. Popcorn influences adult com rootworm 
distribution, however, compared to field com popcorn produces fewer beetles. 
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Introduction 
Western corn rootworm, Diabrotica virgifera virgifera LeConte, and northern com 
rootworm, Diabrotica barberi Smith and Lawrence, are estimated to cost U. S. growers more 
than a billion dollars in crop losses and control costs annually (Chandler et al. 1995). These 
pest species have historically been controlled by crop rotation (Levine and Oloumi-Sadeghi 
1991) and chemical insecticides (Mayo 1986, Tollefson 1990, Gray et al. 1993). Crop 
rotation failures due to extended diapause in com rootworms (Chiang 1965, Krysan and 
Miller 1986, Levine et al. 1992a, 1992b) and a change in com rootworm behavior (Levine 
and Gray 1996, Sammons et al. 1997, O'Neal et al. 1999, Spencer et al. 1999, O'Neal et al. 
2002) have been reported. In addition, Wright et al. (1996) reported insecticide failures of 
carbamates and organophosphates; and Meinke et al. (1998) reported western com rootworm 
populations in Nebraska had a 16-fold increase in tolerance to methyl-parathion (carbamate) 
and a 9-fold increase in tolerance to carbaryl (organophosphate) (Zhu et al. 2001). 
Crop rotation and insecticide failure, along with a movement toward environmental 
friendly insect control methods, has stimulated interest in genetic ally-modi fied plants, 
expressing proteins from Bacillus thuringiensis (Berliner) (Bt) for control of western and 
northern com rootworms. Bt com for control of Lepidoptera has been successful in 
providing season-long suppression of European com borer, Ostrinia nubilalis (Hiibner) (Rice 
1998, Rice and Pilcher 1998). 
Bt-com plants expressing Cry3Bbl protein, a delta-endotoxin from Bacillus 
thuringiensis subspecies kumamotoensis, have demonstrated a high level of root protection 
against western and northern com rootworms. The cry3Bbl gene was modified to enhance 
the protein's activity against com rootworm (U. S. EPA 2003a). Event MON863 (Monsanto 
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Company, St. Louis, MO), which is commercially available as YieldGard Rootworm®, is the 
only registered event with the U.S. Environmental Protection Agency (EPA), at this time. 
The EPA has adopted an interim (3 year) insect resistance management (IRM) 
strategy for Mon863, which requires planting a 20% corn refuge adjacent to Mon863 Bt com 
(U.S. EPA 2003b). Cry3Bbl protein expression does not meet high dose criteria because 
many rootworm beetles complete development on Bt-com plants (U. S. EPA 2003a). 
Despite the lack of high dose, Bt com for com rootworms still provides root protection (U. S. 
EPA 2002). 
Managing resistance to Bt com for com rootworms may be difficult because of the 
insects' biology. Com rootworm females tend to mate within 24 h of emergence and within 
a few meters of their emergence site (Quiring and Timmons 1990). Such behavior could lead 
to non-random mating, whereby beetles from Bt-com fields mate mostly with beetles from Bt 
com and not beetles from refuge com (Spencer et. al. 1999, Nowatzki et al. 2003). If random 
mating does not occur, benefits of refuge to resistance management are lost. This makes 
placement of refuge a major issue for managing com rootworm beetle resistance. 
Popcorn showed potential as a refuge crop for O. nubilalis because on average four 
times more second-generation O. nubilalis were produced in popcorn than field com (Tate 
2004). Similar production of com rootworm beetles in popcorn could be valuable to growers 
because it could be a productive refuge for two major insect pests. 
Potential value of popcorn as a refuge for com rootworm beetles is considered with a 
series of experiments conducted over three growing seasons. The objectives of this research 
were to: 1) determine if various types of popcorn and popcorn mixtures can be used to 
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manipulate corn rootworm adult populations; and 2) compare corn rootworm emergence 
(numbers and rate) from popcorn, non-Bt field-corn, and Bt corn plots. 
Materials and Methods 
Numbers of adult western and northern corn rootworm beetles captured from popcorn 
and field com were evaluated over three field seasons. Adult com rootworm emergence 
from popcorn, field com, and Bt com plots was evaluated during two field seasons. 
Vial traps. Field tests to assess adult com rootworm numbers from two varieties of 
popcorn, one mixture of popcorn varieties, and field com were conducted on the Iowa State 
University (ISU) AG 450 Farm (2000-2001) and on the ISU Ankeny Research Farm (2002) 
(Table 1). Plots were planted on 16 May 2000, 10 May 2001, and 9 May 2002. Field-com 
plots were planted at a rate of 74,000 seeds per hectare and popcorn at a rate of 148,200 
seeds per hectare. Each year four 9 x 9 m plots were planted in a randomized complete block 
design and replicated five times. 
Vial traps (Levine and Gray 1994) were used to estimate adult com rootworm and 
northern com rootworm numberswithin popcorn and field-corn plots. Vial traps contained a 
strip of transparency coated with Slam® insecticide, a combination of wild buffalo root 
gourd (cucurbitacin) and carbaryl insecticide (Microflo, Memphis, Term.). Four vial traps 
were placed near the ear of each com plant in the center three rows of each plot, one in each 
cardinal direction. Vial traps were changed weekly from mid-July until September. 
Captured com rootworm beetles were taken to the laboratory, where they were stored at 4°C 
until processed. Sex of thirty randomly selected com rootworm beetles was determined from 
each vial trap using structural differences in the last abdominal sclerite and antennal length 
(Krysan 1986). 
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Emergence cages. Field tests were conducted to evaluate rootworm beetle emergence 
from 20 treatment plots, which included combinations of rootworm infestations (natural and 
augmented) and insecticide (Lorsban® and none) applied to two popcorn varieties, including 
a double planting, and three field-corn varieties (Table 2). Treatment plots (6.1 m by 3 m, 4 
rows) were planted in a randomized complete block design and replicated six times on the 
Ankeny Research farm, Ankeny, IA 18 May 2001 and 10 May 2002. Field-corn and Bt-com 
plots were planted at a rate of 74,000 seeds per hectare. Popcorn was planted at 74,000 seeds 
per hectare or 148,200 seeds per hectare. Western com rootworm eggs (provided by USDA-
ARS, Northern Grain Insects Research Unit, Brookings, SD) were applied to each plant in 
the center two rows of a plot at the rate of 600 eggs per plant. Eggs were suspended in an 
agar water solution, 1.3 g agar to 1 liter of water, and inj ected into the soil (10-15 cm) at the 
base of each plant on 19 June 2001 and 15 June 2002. LorsbanlSG® insecticide was applied 
at planting at full rate (75g per 100m) to the center two rows of appropriate plots. 
Two beetle emergence cages (76cm x 43cm) similar to those described by Hein et al. 
(1985) were placed in the center two rows of each plot on 9 July 2001 and 2 July 2002. To 
establish these cages, two com plants, separated by about 1 m, were cut down to the first 
node above ground. Com plants, including roots, near selected plants were removed. One 
emergence cage, oriented along the row was placed over each cut com plant (Hein et al. 
1985). Cages were checked three times a week for captured beetles, which were taken to the 
laboratory and stored at 0°C until beetles were sexed. Number of com rootworm beetles 
emerging from each treatment plot was recorded and rate of beetle emergence from each 
treatment plot was evaluated. Bt com was detasseled before pollen shed according to the 
EPA experimental use permit. 
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Analyses. Vial trap captures of western and northern corn rootworms from three 
popcorn treatments and one field-corn treatment (2000-2002) were analyzed with repeated 
measures ANOVA (Proc Mixed, SAS Institute 1990), because of sampling across weeks 
(temporal autocorrelation). Separate analyses were conducted for each year (2000-2002); 
numbers of beetles from each of the four traps in a plot were averaged. Heterogeneous 
compound symmetry (CSH) was used to model repeated measures covariance (Wolfmger 
and Chiang 1998). Main treatment effects were mean number of com rootworm beetles 
captured and ratio of males to females. The Fisher least significant difference (LSD) 
procedure was used to separate means for com treatments at the level of P < 0.05 (SAS 
Institute 1990). 
Nonlinear regression equations were fit for com rootworm emergence as a function of 
Julian date of the form: 
7 = 7 v 
Where Y = cumulative emergence, X = Julian date, and A, B, and C are regression 
parameters (Netter et al. 1990). Twenty separate regressions (one for each treatment) were 
obtained for 2001 and 2002, western and northern species, male and female, for a total of 160 
equations. Treatment comparisons were made within a year (2001, 2002), species (western, 
northern), and sex (male, female) by comparison of regression functions. 
Linear regressions of cumulative emergence of adults vs. Julian dates were used to 
examine the linear portion of the emergence curves defined above. The linear portion was 
defined as the part of the curve before emergence leveled off and was defined by the dates 
before the threshold of 17 August during both years, which should coincide with peak beetle 
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emergence if biofix occurs around July 4th (Nowatzki et al. 2002a). The slopes of mean 
numbers of emerged individuals vs. Julian date among treatments were compared via tests of 
homogeneity of regression coefficients (Steel and Torrie 1980). Separate analyses were 
executed for each year-species-sex combination. Only the six treatments involving natural 
infestations without the application of conventional insecticides were used in these analyses. 
Proc Mixed was used for the homogeneity of slopes analyses (Littell et al. 1996). Julian date 
was modeled as a quantitative variable and treatment effects were included in the class 
statement (i. e., modeled as a qualitative variable). The interaction of treatment x Julian date 
provides the appropriate test of whether slopes were significantly different from one another. 
For significant tests of heterogeneity, values of slopes were estimated for each 
treatment. Analyses were performed with Proc Mixed using the solution and no-intercept 
(noint) options of the model statement with the treatment and treatment x Julian date 
included in the model. The solution options for the interaction effects provide estimates for 
the slopes as well as their 95% confidence intervals. Slopes were considered significantly 
different when their 95% confidence intervals did not overlap. 
Total cumulative numbers of beetles were compared via mixed-models ANOVA. 
The analyses included fixed effects due to the 20 treatments defined above and random 
effects among plots. The experimental unit was the average, total cumulative number of 
beetles for each plot. Separate analyses were performed for each year-species-sex 
combination. Two orthogonal contrasts were tested: (1) natural vs. artificial infestations and 
(2) insecticide vs. non-insecticide treatments. Treatments involving Bt were considered as 
"insecticide" treatments. For significant treatment effects, a separate ANOVA was 
performed using only the six treatments that included natural infestations without the 
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application of conventional insecticides. These six were chosen to reduce the number of 
pair-wise comparisons. Significant F values were followed via comparisons of least-squared 
means using the Is means statement of Proc Mixed. Differences were considered significant 
when P < 0.05. 
Results 
Vial Traps. Western corn rootworm beetles. Significant week by treatment (com variety) 
interactions occurred during 2000 and 2002, but not during 2001 (Figure 1). During 2000, 
numbers of beetles captured from test com varieties was significantly different (Figure 1 A). 
Significant com variety differences suggest this interaction is due to high beetle captures 
during pollen shed (week 3) from each popcorn plot, but low beetle captures from field-corn 
plots. Also, significantly higher numbers of beetles were captured from 118-d popcorn in 
week 4 compared to the other treatments. During 2001, beetle numbers were significantly 
different only by week (Figure IB). In general, all com varieties had a similar pattern: low 
beetle captures the first two weeks, followed by high beetle captures most of the remaining 
weeks. In 2002, numbers of beetles captured from popcorn and field com were significantly 
different (Figure 1C). Significant com variety differences suggest this interaction is due to 
high beetle captures during pollen shed (week 4) from 118-d and mixed popcorn, but low 
beetle captures from field com and 105-d popcorn. 
Popcorn and field-corn treatments did not significantly influence the ratio of western 
corn rootworm males to females during any year (2000, F = 1.05, df = 3, 92, P = 0.377; 
2001, F = 0.94, df = 3, 92, P = 0.424; 2002, F = 1.87, df = 3, 92, P = 0.140). Protandry was 
evident because significantly higher percentages of males were captured from popcorn and 
field com during weeks 1 and 2 in 2000 and week 1 in 2001 (2000, F = 6.29, df = 5, 92, P = 
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0.0001; 2001, F- 12.87, df = 5, 92, P = 0.0001). No significant difference in the ratio of 
males to females captured was observed in 2002 (F= 1.87, df = 3, 92, P = 0.140). 
Northern corn rootworm beetles. Similar to the western corn rootworm results, there 
were significant week by treatment interactions during 2000 and 2002, but not during 2001 
(Figure2). In 2000, significantly more northern com rootworm adults were captured from 
each of the popcorn treatment plots compared with field-corn plots during week 3 (pollen 
shed) (Figure 2A). Although there were significant differences among weeks in 2001, there 
were no significant differences in mean number of northern com rootworm adults captured 
from popcorn and field com (Figure 2B). In 2002, significantly more northern com 
rootworm adults were captured from field com than each of the popcorn treatments during 
week 2 (Figure 2C). However, significantly more northern com rootworm adults were 
captured from 118-d and mixed popcorn than field com during week 4. 
Male to female ratio in com varieties were influenced by significant week by 
treatment interaction in 2000, but not in 2001 and 2002 (2000, F = 5.99, df = 12, 48.6, P = 
0.0001; 2001, F = 1.00, df = 14, 49, P = 0.472; 2002, F = 0.67, df = 15, 96, P = 0.812). In 
2000, number of northern com rootworm beetles captured from test com varieties was 
significantly different (F = 6.30, df = 3, 48.6, P = 0.001). Significantly more northern com 
rootworm males than females were captured from 105-d popcorn. No significant difference 
in the ratio of northern com rootworm males to females was observed among popcorn and 
field com during 2001 and 2002 (2001, F= 0.27, df = 3, 49, P = 0.846; 2002, F = 0.46, df = 
3, 96, P = 0.713). In 2000 and 2002 ratio of male to female northern com rootworms 
captured from com varieties differed by week (2001, F= 7.65, df = 5, 48.4, P = 0.0001; 
2002, F= 7.56, df = 5, 96, P = 0.0001); protandry was evident. The ratio of northern com 
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rootworm males to females captured in 2001 did not significantly differ by week (F = 0.44, df 
= 5,49, f = 0.821). 
Emergence cages. Total numbers of beetles captured from the 20 treatment plots 
varied for years 2001 and 2002 by species (western and northern com rootworm adults) by 
sex (male and female) combinations. Total numbers of western com rootworm beetles (male 
and female) that emerged from the various popcorn, field com, and Bt-com plots were 
significantly different in 2001 (male, F= 3.06, df = 19, 95, P = 0.0002; female, F= 2.64, df 
= 19, 95, P = 0.001). In 2002, total number of male western com rootworm adults that 
e m e r g e d  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a m o n g  t e s t  v a r i e t i e s  ( F =  1 . 4 9 ,  d f  =  1 9 ,  9 5 ,  P  =  
0.108) but female emergence was significantly different (F = 2.62, df = 19, 95, P = 0.001). 
Male northern com rootworm total emergence in 2001 was significantly different (F = 1.86, 
df = 19, 95, P = 0.026) but that of females was not (F= 0.88, df = 19, 95, P = 0.602). In 
2002, northern com rootworm total emergence from test varieties of both sexes was 
significantly different (male, F = 1.79, df = 19, 95, P = 0.034; female, F = 1.95, df = 19, 95, 
P = 0.019). 
Orthogonal contrasts that compared total numbers of beetles that emerged from the 
natural infestations versus the augmented infestations suggest there were no significant 
differences for any of the year by species by sex combinations (Table 3). Similar results 
were found for the insecticide versus no insecticide comparisons (Table 3). 
There is no efficient way to present results for all 20 treatment plots; therefore only 
emergence results from six treatments are presented. Augmented treatments were conducted 
to assure rootworms were available for the study. Based on the total production data, 
numbers of beetles from the natural infestations with no insecticide treatments appear to be 
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adequate. Thus, the six treatments selected for further analyses include: natural infestations 
with no insecticide for 105-d popcorn, double-planted 105-d popcorn, 118-d popcorn, DK580 
field corn, Bt corn and Bt-com near isoline. 
All eight of the GLM F-test results on the non-linear cumulative com rootworm 
emergence as a function of Julian date 2001, western com rootworm, male and female; 
northern com rootworm, male and female and, 2002, western com rootworm, male and 
female; northern com rootworm, male and female were significant (P <0.01), indicating that 
at least one regression equation was different from the rest. Curvilinear regression lines fit 
the cumulative emergence data quite well (e.g., Figure 3). To simplify presentation, only 
curvilinear regressions will be presented in subsequent figures of cumulative emergence. 
Western corn rootworm. In 2001, male western com rootworm emergence rate from 
DK580 field-corn plots was significantly higher than that of all other com-treatment plots 
(Figure 4A). The double-planted 105-d popcorn plots had the second highest emergence 
rate, which was significantly different from all other treatments. This was followed by 
isoline field com, 105-d popcorn and 118-d popcorn plots. The 105-d and 118-d popcorn 
plots were not significantly different from each other. Emergence rate from Bt-com plots 
was the lowest which was significantly different from all other treatments and not 
significantly different from a slope of 0 (P =0.54). Total number of males captured from 
DeKalb580 field-corn plots was significantly higher than total numbers of males captured 
from all other com variety plots, which were not significantly different from each other 
(Figure 4A). Emergence rates of females from com plots were similar to those of males: 
DK580 field-corn plots was the highest followed by double-planted 105-d popcorn, isoline 
com, 105-d popcorn, 118-d popcorn and Bt com plots (Figure 4B). Again, emergence rates 
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from Bt-com plots were significantly different from all other treatment plots, but this time 
the slope was significantly different than 0 (P =0.05). 
In 2002, rate of male western com rootworm emergence was highest from the DK580 
field-corn plots followed by 105-d popcorn, isoline field com, double-planted 105-d popcorn, 
118-d popcorn, and Bt com plots (Figure 5A). Rate of beetle emergence from the Bt-com 
plots was significantly lower than all other com plots and its slope was not significantly 
different from a slope of 0 (P = 0.32). Total numbers of males captured from 105-d popcorn, 
Dekalb 580 field com, and near-isoline field-corn plots were significantly higher than those 
captured from 105-d and 118-d popcorn and Bt com plots. Female emergence rate from 
near-isoline field com was significantly higher than all other treatments (Figure 5B). 
Emergence rates of females from 105-d popcorn, double-planted 105-d popcorn, and DK580 
field-corn plots were similar, but significantly higher than female emergence rates from 118-
d popcorn and Bt com. In this case slope of female emergence from Bt-com plots was 
significantly different from 0 (P <0.01). Total number of western com rootworm females that 
were captured was highest from near-isoline com plots followed by total numbers of beetles 
captured in 105-d popcorn, double-planted 105-d popcorn, DK580 field com, 118-d popcorn, 
and Bt-com plots. Numbers of com rootworm beetles emerging from Bt-com plots was 
significantly lower than all com plots except the 118-d popcorn and DK580 field-corn 
treatments. 
Northern corn rootworm. In 2001, male northern com rootworms emergence rate 
from DK580 field-corn plots was significantly higher than from all other com variety plots 
(Figure 6A). Com rootworm emergence rates from double-planted 105-d popcorn plots were 
the second highest, which was significantly different from all other com plots. This was 
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followed by isoline field corn, 105-d popcorn, and 118-d popcorn plots. Emergence rates of 
corn rootworm beetles from isoline field-corn and 105-d popcorn plots were not significantly 
different from each other. Corn rootworm beetles from Bt corn plots had the lowest rate of 
emergence, which was significantly different from all other com plots, but not significantly 
different from a slope of 0 (P =0.34). Total numbers of males captured from emergence 
cages placed in com plots were not significantly different between treatments, perhaps 
because of low and variable sample numbers (Figure 6A). Northern female emergence rates 
from double-planted 105-d popcom and near-isoline field-corn plots were similar, and both 
were significantly higher than emergence rates of females from the other treatment plots 
(Figure 6B). Emergence rates of females from DK580 field-corn and 118-d popcom plots 
were similar, and significantly higher than female emergence rates from 105-d popcom and 
Bt-com plots. In this case, slope of com rootworm emergence from Bt-com was 
significantly different from 0 (P <0.01). Total number of northern com rootworm females 
that were captured in emergence cages was highest in the near-isoline com treatment 
followed by total numbers captured from 105-d popcom, double-planted 105-d popcom, 
DK580 field com, 118-d popcom, and Bt-com plots. Numbers of com rootworm beetles 
emerging from Bt-com plots was significantly lower than all com plots except 118-d popcom 
and DK580 field-corn plots. 
In 2002, rate of male northern com rootworm emergence was highest from DK580 
fïeld-com plots followed by isoline field com, 105-d popcom, double-planted 105-d popcom, 
Bt com, and 118-d popcom plots (Figure 7 A). Emergence rates of males from the two field-
corn treatment plots were not significantly different. Rate of beetle emergence from 118-d 
popcom plots were significantly lower than all the other com plots and slope emergence from 
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118-d popcorn were significantly different from 0 (P < 0.01). Numbers of beetles emerging 
from Bt-com plots were not significantly different than from 105-d popcom and double-
planted 105-d popcom plots, and the slope of com rootworm emergence from Bt-com were 
significantly different from 0 (P <0.01). Total number of northern com rootworm males that 
were captured in emergence cages was highest from DK580 field-corn and near-isoline com 
plots followed by total numbers captured from 105-d popcom, 118-d popcom, double-
planted 105-d popcom, and Bt-com plots (Figure 7 A). The lowest number of males emerged 
from Bt-com plots, but this total was not significantly different from all other com plots 
except DK580 field-corn plots. Emergence rate of female northern rootworms was highest 
from near-isoline field com followed by DK580 field com, 118-d popcom, 105-d popcom, 
118-d popcom, and Bt com (Figure 7B). The Bt com had the lowest rate of emergence, 
which was significantly different from all other com plots except the 118-d popcom plots. 
Slope of com rootworm emergence from Bt-com plots was significantly different from a 
slope of 0 (P <0.01). Total numbers of females captured in emergence cages were not 
significantly different from any of the treatment plots (Figure 7B). 
Discussion 
Popcom has shown potential as a refuge for Bt com for Lepidoptera because of large 
numbers of O. nubilalis eggs and larvae found in popcom refuge (Tate 2004). Popcom may 
have potential as refuge for com rootworm Bt com, if large numbers of western and northern 
com rootworm adults are attracted to popcom and emergence from popcom is similar to that 
from field com. 
In these studies popcom attracted significantly more western and northern com 
rootworm beetles than field com during pollination (weeks 3-4 of the study), 2000 and 2002. 
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Popcorn was planted at the same time as neighboring field corn in these two years, so it is 
likely that corn rootworm beetles are attracted to the large amount of pollen and silks 
available for consumption during pollination in double-planted popcorn. However, fewer 
beetles were attracted to popcorn during weeks 1-2 and 5-6, which may have been due to 
interfield (Wikowski et al. 1975, Naranjo 1991, Nowatzki et al. 2003) and intrafield dispersal 
by western and northern corn rootworm beetles in search of food (Cinerski and Chiang 1968, 
Godfrey and Turpin 1983, Darnell et al. 2000). Neighboring corn fields or other pollinating 
plants in the area may have been more attractive during those four weeks. 
In 2001, when popcorn was planted later than surrounding field corn, no corn variety 
attracted significantly more western and northern corn rootworm beetles than any other com 
variety during pollination. Late-planted field com and popcom were potentially the most 
attractive com in the area (field), which may have caused beetles to move into test com 
varieties equally. Com phenology can significantly influence western (Naranjo 1991, 
O'Neal et al 2002) and northern com rootworm beetle (Naranjo and Sawyer 1988, Wright et 
al. 1996b) dispersal and may have affected 2001 results. 
Although no significant differences in numbers of western and northern com 
rootworms captured were observed during pollination, popcom did attract large numbers of 
western and northern com rootworm beetles during all weeks. The attractiveness of popcom 
refuge during weeks 1 and 2 when beetles are emerging may increase the probability that 
virgin females will move into popcom refuge. This along with protandry could promote 
random mating of resistant and susceptible males and females in popcom. In addition, 
attraction of beetles during weeks 5 and 6 may increase the probability that females will 
oviposit in popcom refuge than field com. According to Levine and Gray (1994) and 
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Rondon and Gray (2003) captures of female western corn rootworms of 0.7 per trap per day 
during August could result in economical root injury the next growing season. 
If populations of western and northern corn rootworms are large, high plant density 
and small root size of popcorn may affect corn rootworm emergence. Field-corn root size 
does not affect beetle survival (Branson et al. 1982, 1983) but when root regrowth and brace 
root establishment occurs beetle survival increases (Spike and Tollefson 1989). At high plant 
densities, root size and root regrowth are decreased (Spike and Tollefson 1989, Nowatzki et 
al. 2002a), which may decrease corn rootworm emergence. In these studies, com rootworm 
beetle emergence rates from popcom plots tended to be lower than field com plots and total 
beetle emergence from popcom plots tended to be less than field com plots. This suggests 
that smaller root size and less regrowth by popcom roots negatively influenced the rate of 
com rootworm emergence and total com rootworm emergence. However, higher plant 
densities of 105-d popcom did not affect beetle emergence from popcom plots. 
Emergence rates also tended to be lower in Bt com than non-Bt com. In some cases 
the com rootworm emergence rate from Bt com was not significantly different from 0. Bt 
com results displayed in some of the cumulative emergence graphs suggest, in addition to 
low emergence, that emergence of beetles from the Bt com plots was delayed. A delay in 
com rootworm development may mean refuge may need to provide susceptible com 
rootworm beetles later in the season. Refuge also may need to remain attractive longer so, 
later emerging males and females will move into refuge for mating and oviposition. 
These results suggest popcom has comparable potential for attracting com rootworm 
beetles as it does for attracting O. nubilalis, but does not have the same potential for 
managing resistance. Because unlike O. nubilalis, com rootworm emergence from popcom 
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plots is lower than from field corn plots (Tate 2004). This suggests other types of corn, 
including different accessions of popcorn and com with tropical germplasm should be 
evaluated for potential as refuge plants. If another type of com can be used as refuge for 
both pests, grower compliance with resistance management requirements from the EPA 
could increase because one refuge could provide susceptible insects for both genetically-
modified com varieties. 
However, further studies are needed to evaluate oviposition in popcom and other 
types of com compared to field com and to determine what stage of ovarian development is 
represented in captured females. These questions should be answered before popcom or any 
non-traditional type of com can be considered a viable refuge alternative to non-transgenic 
field com in the Com Belt. 
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Table 1. Maturities and varieties of popcorn and field-corn treatments used in vial trap 
experiments to monitor adult corn rootworm populations (2000-2002). 
Treatment Maturities Varieties 
1 108d Dekalb 580 (Monsanto, St. Louis, MO) 
2 105d McHone 140 (McHone Seed, Ames, IA) 
3 118d McHone 3374Y 
4 105/118d McHone 140/McHone 3374Y 
Table 2. Treatments used in rootworm emergence experiments (2001 and 2002): corn 
variety, rootworm infestation, and insecticide (Lorsban®) application. 
Treatment Variety Corn Type Infested Insecticide 
1 McHone 140 (McHone Seed, Ames, IA) Popcorn - -
2 " + -
3 " - + 
4 " + + 
5 McHone 3 3 74Y - -
6 + -
7 - + 
8 + + 
9 McHone 140 (Double planted) - -
10 + -
11 - + 
12 + + 
13 Dekalb 580 (Monsanto, St. Louis, MO.) Field com - -
14 + -
15 - + 
16 + + 
17 Experimental Hybrid (Mon863, Monsanto) - -
18 + -
19 Experimental Hybrid (near isoline to 17) - -
20 " + -
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Table 3. Orthogonal contrast for infestation (natural vs. augmented) and insecticide 
(Lorsban® vs. none) that were used to compare mean number of beetles captured from 
20 treatments for western corn rootworm males and females and for northern corn 
2001 Western corn rootworm males F Value P > F 
Natural vs. Artificial Infestation 1.6 0.20 
Insecticide vs. No insecticide 0.04 0.79 
2001 Western corn rootworm females 
Natural vs. Artificial Infestation 0.43 0.51 
Insecticide vs. No insecticide 0.49 0.49 
2001 Northern corn rootworm males 
Natural vs. Artificial Infestation 0.41 0.52 
Insecticide vs. No insecticide 1.29 0.26 
2001 Northern corn rootworm females 
Natural vs. Artificial Infestation 1.68 0.20 
Insecticide vs. No insecticide 2.39 0.13 
2002 Western corn rootworm males 
Natural vs. Artificial Infestation 0.09 0.77 
Insecticide vs. No insecticide 0.25 0.62 
2002 Western corn rootworm females 
Natural vs. Artificial Infestation 0.10 0.76 
Insecticide vs. No insecticide 0.37 0.55 
2002 Northern corn rootworm males 
Natural vs. Artificial Infestation 2.31 0.13 
Insecticide vs. No insecticide 0.01 0.92 
2002 Northern corn rootworm females 
Natural vs. Artificial Infestation 0.05 0.82 
Insecticide vs. No insecticide 0.81 0.37 
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Figure 1. Mean (± SEM) number of western corn rootworm adults captured in vial traps in 
field corn and popcorn each week for 2000 (A), 2001 (B), and 2002 (C). Years with 
significant corn type by week interactions are indicated with an asterisk. Results of repeated 
measures ANOVA were as follows: Corn type by week interactions: (A) F = 3.85, df = 15, 
104, P = 0.001; (B) F =0.99, df = 15, 58.7, P = 0.473; (C) F = 4.46, df = 15, 103, P = 
0 . 0 0 0 1 ;  c o r n - t y p e  e f f e c t s :  ( A )  F  -  5 . 2 9 ,  d f  =  3 ,  3 8 . 5 ,  P  =  0 . 0 0 4 ;  ( B )  F =  1 . 5 8 ,  d f  =  3 ,  2 1 . 4 ,  P  
= 0.224; (C) F = 14.7, df = 3, 21.5, P = 0.0001; week effects: (A) F = 36.72, df = 5, 104, P = 
.0001; (B) F =50.95, df = 5, 58.7, P = 0.0001; (C) F =50.39, df = 5, 103, P = 0.0001. 
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by week interactions are indicated with an asterisk. Results of repeated measures ANOVA 
were as follows: Corn type by week interactions: (A) F = 3.86, df = 15, 78.5, P = 0.0001 ; (B) 
F = 1.48, df= 15, 99.7, P = 0.129; (C) F =3.53, df = 15, 64.7, P = 0.0002) corn-type effects: 
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Figure 3. Mean emergence cage captures of western com rootworm males from popcorn 
(105d), field com (Bt near isoline), and Bt com in 2001. Curvilinear regression lines for 
105-d popcorn (F= 8580.7, df = 3, 184.9, P — 0.0001, field com (Bt near isoline) (F = 128.3, 
df = 3, 1210.5, P = 0.0001), and Bt com (F= 1.25"14, df = 3, 18.0, P = 0.0001) had good fit to 
raw data (shapes). 
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Figure 4. Mean number of male (A) and female (B) western corn rootworm adults found in 
(2) emergence cages in popcorn (105-d, 118-d, 105-d double), field corn (DK580 and Bt near 
isoline), and Bt corn in 2001. Significant differences in rate of emergence (18 July -
17August 2001) are indicated with lower case letters; and significant differences in total 
western com rootworm emergence are indicated with capital letters. Results of ANOVA for 
total com rootworm emergence were as follows: (A) F = 4.51, df = 5, 25, P = 0.005 (B) F— 
6.84, df= 5, 25, P = 0.0004. Results for ANOVA for rate of com rootworm emergence date 
by com type interaction: (A) F = 24.16, df = 5, 120, P = 0.0001 (B) F= 32.46, df = 5, 120, P 
= 0.0001 
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Figure 5. Mean number of male (A) and female (B) western corn rootworm adults found in 
(2) emergence cages in popcorn (105-d, 118-d, 105-d double), field corn (DK580 and Bt near 
isoline), and Bt corn in 2002. Significant differences in total western corn rootworm 
emergence are indicated with capital letters; and significant differences in rate of emergence 
(8 July -17August 2002) are indicated with lower case letters. Results of ANOVA for total 
com rootworm emergence were as follows: (A) F = 2.40, df = 5, 30, P — 0.06 (B) F = 2.97, 
df = 5, 30, P = 0.03. Results for ANOVA for rate of com rootworm emergence date by com 
type interaction: (A) F= 15.30, df = 5, 120, P = 0.0001 (B) F = 46.89, df = 5, 120, P = 
0.0001 
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Figure 6. Mean number of male (A) and female (B) northern corn rootworm adults found in 
(2) emergence cages in popcorn (105-d, 118-d, 105-d double), field corn (DK580 and Bt near 
isoline), and Bt corn in 2001. Significant differences in rate of emergence (18 July -
17 August 2001) are indicated with lower case letters. Results of ANOVA for total corn 
rootworm emergence were as follows: (A) F = 2.67, df = 5, 25, P = 0.05 (B) F= 1.03, df = 5, 
25, P = 0.42. Results for ANOVA for rate of com rootworm emergence date by com type 
interaction: (A) F =30.94, df = 5, 120, P = 0.0001 (B) F = 45.28, df = 5, 120, P = 0.0001 
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Figure 7. Mean number of male (A) and female (B) western corn rootworm adults found in 
(2) emergence cages in popcorn (105-d, 118-d, 105-d double), field com (DK580 and Bt near 
isoline), and Bt com in 2001. Significant differences in total western com rootworm 
emergence are indicated with capital letters; and significant differences in rate of emergence 
(18 July -17August 2001) are indicated with lower case letters. Results of ANOVA for total 
com rootworm emergence were as follows: (A) F = 2.29, df = 5, 25, P = 0.08 (B) F = 0.72, 
df = 5, 25, P = 0.62. Results for ANOVA for rate of com rootworm emergence date by com 
type interaction: (A) F= 18.44, df = 5, 120, P = 0.0001 (B)F = 18.61, df = 5, 120, P = 
0.0001 
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CHAPTER 4. GENERAL CONCLUSIONS 
European corn borer (Russnogle 1997, Hyde et al. 2001), western corn rootworm, and 
northern corn rootworm (Chandler et al. 1995) cost growers $1-2 billion dollars annually in 
damage and control cost. Recent development of genetically-modified (Bt) com effective in 
controlling European com borer, protecting yields up to 37 bushels per acre in Iowa, and 
com rootworm, protecting roots with consistent root ratings around 2.0 (U. S. EPA 2002) has 
stimulated research in insect resistance management (IRM). At this time, U.S. 
Environmental Protection Agency (EPA) has adopted an IRM strategy requiring high-dose 
plants and refuge for European com borer (Tabashnik and Croft 1982; Roush 1989, 1994) 
and requiring 20% refuge for both European com borer (U.S. EPA 2001b) and com 
rootworm (U.S. EPA 2003b). Bt expression levels in root tissue do not meet high dose 
requirementsfor com rootworms therefore, the dose is considered low to medium (U. S. EPA 
2003a). IRM for both European com borer and com rootworm in the same location may be 
difficult because of differences in their biology. 
The overall objective of this research was to determine if a single refuge could 
provide sufficient insects for both European com borer and com rootworms (western and 
northern). The specific objectives of these studies were to: 1) determine if more European 
com borer larvae are produced in popcorn than field com and how popcorn may impact the 
distribution of com borer egg masses and larvae; 2) determine if popcorn influences the 
distribution of com rootworm adults and how adult com rootworm distribution changes over 
time; 3) determine if the number com rootworm beetles emerging from popcorn, field-corn, 
and Bt-com plots is similar; and 4) determine if the beetles are emerging at the same rate 
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from popcorn, field-corn, and Bt-corn plots. Results from studies addressing the first 
objective suggest popcorn has potential as refuge for European corn borer. Numbers of 
larvae produced per plant or per m2 in popcorn during first generation (2000-2002) was not 
significantly different than in field corn. Significantly more larvae however were produced 
in popcorn than field corn per plant and per m2 during second generation. Because large 
numbers of European corn borer were found in popcorn, the distributions of egg masses, 
eggs, and larvae near popcorn were evaluated. Significantly more egg masses, eggs, and 
larvae were found in popcorn than in field corn. No significant differences in numbers of 
egg masses on field corn were observed at any distance from popcorn plots. However, the 
numbers of eggs per egg mass and larvae were significantly different on field com depending 
on the distance from popcorn plots. Field com plants at 0.8 m had significantly more eggs 
per egg mass and larvae than field com at any other distance. These results suggest large 
numbers of susceptible European com borer moths can be produced in popcorn refuge for 
random mating with any resistant moths from Bt com. 
Popcorn also showed potential as refuge in studies addressing the second objective, 
which was to determine if popcorn influenced the diostribution of adult com rootworms. 
Significantly more western and northern com rootworm beetles were attracted to popcorn 
compared to field com during pollination in 2000 and 2002. No significant differences in 
beetle attraction were observed in 2001. However, large numbers of beetles were captured 
from popcorn and field corn plots during five of six weeks of sampling in 2001. This 
suggests that these plants were the most attractive in the com field compared to bulk field 
com. These data support previous research that reports com phenology can influence adult 
com rootworm distribution (Naranjo and Sawyer 1988, Naranjo 1991, O'Neal et al 2002). 
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Darnell et al. (2000) reported that adult corn rootworm beetle populations are concentrated in 
late-planted field corn, in the tasselling or siliking stage, when neighboring com is more 
mature. 
Results from studies evaluating the third objective suggest popcorn plots do not 
represent a refuge capable of producing larger numbers of com rootworm than field com. 
Numbers of com rootworms emerging from popcorn plots tended to be less than from field 
com and fewer com rootworm beetles emerged from Bt-com plots than field-corn plots. 
Augmented infestations and insecticide applications did not significantly affect com 
rootworm beetle emergence from popcorn, field-corn, or Bt-com plots. No affect on total 
com rootworm emergence was observed from single and double planting of popcorn plots. 
However, field test evaluating com rootworm emergence rates, objective four, 
concluded that com rootoworm emergence from Bt-com plots tended to be lower than from 
field-corn and popcorn plots. In fact, slopes of com rootworm emergence from Bt-com plots 
were not significantly different from zero in some cases. This suggests com rootworm 
emergence from Bt-com plots may be delayed, which may increase popcorn's potential as a 
refuge. 
In conclusion, popcorn is attractive to European com borer and up to four times more 
larvae are produced in popcorn than field com during second generation. Popcorn can attract 
large numbers of com rootworm compared to field com, but does not produce more com 
rootworms than field com. This is most likely due to relatively small root size and less root 
regrowth by popcorn plants. The ideal com plant to satisfy refuge for both European com 
borers and com rootworms must be attractive and posses vegetative and root qualities that 
support these pests. These plants must have a large root system to support adequate 
numbers of corn rootworm larvae. Further studies should investigate other corn types, 
including tropical germplasm, field corn, and various popcorn accessions. 
References Cited 
Allee, L. L. and P. M. Davis. 1996. Effect of manure on maize tolerance to western com 
rootworm (Coleoptera: Chrysomelidae). J. Econ. Entomol. 89: 1608-1620. 
Andrew, R. EL, and J. R. Carlson, Jr. 1976. Preference differences of egg laying European 
com borer adults among maize genotypes. Hort. Sci. 11: 143. 
Apple, J. W., H. C. Chiang, L. M. English, L. K. French, A. J. Keaster, G. F. Krause, Z 
B Mayo, J. D. Munson, G. J. Musick, J. C. Owens, E. E. Rasmussen, R. E. 
Sechriest, J. J. Tollefson, and J. L. Wedberg. 1977. Impact of northern and 
western com rootworm larvae on field com. N. Cent. Reg. Res. Publ. 239. 
Assabgui, R. A., J. T. Aranson, and R. I. Hamilton. 1993. Hydroxamic acid content in 
maize (Zea mays) roots of 18 Ontario recommended hybrids and prediction of 
antibiosis to the western com rootworm , Diabrotica virgifera virgifera LeConte 
(Coleoptera: Chrysomelidae). Can. J. Plant Sci. 73: 359-363. 
Assabgui, R. A., J. T. Aranson, and R. I. Hamilton. 1995a. Field evaluation of 
hydroxamic acids as antibiosis factors in elite maize inbreds to the western com 
rootworm (Coleoptera: Chrysomelidae). J. Econ. Entomol. 88: 1482-1493. 
Assabgui, R. A., J. T. Aranson, and R. I. Hamilton. 1995b. Hydroxamic acid content and 
plant development of maize (Zea mays L.) in relation to damage by the western com 
rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae). Can. 
J. Plant Sci. 75: 851-856. 
82 
Baker, W. A., W. G. Bradley, and C. A. Clark. 1949. Biological control of the European 
corn borer in the United States. USDA Tech. Bull. No. 983. 1-185. 
Ball, H. J. 1957. On the biology and egg laying habits of the western com rootworm. J. 
Econ. Entomol. 50: 126-128. 
Ball, H. J. and G. T. Weekman. 1963. Differential resistance of com rootworms to 
insecticides in Nebraska and adjoining states. J. Econ. Entomol. 56: 553-555. 
Bartels, D. W., and W. D. Hutchison. 1998. Comparison of pheromone trap designs for 
monitoring Z-strain European com borer (Lepidoptera: Crambidae). J. Econ. 
Entomol. 91: 1349-1354. 
Bauer, L. S. 1995. Resistance: a threat to the insecticidal crystal proteins of Bacillus 
thuringiensis. Fla. Entomol. 78:415-443. 
Bergman, M. K., J. J. Tollefson, and P. N. Hinz. 1981. Sampling scheme for estimating 
populations of com rootworm larvae. Environ. Entomol. 10: 986-990. 
Bergman, M. K., J. J. Tollefson, and P. N. Hinz. 1983. Spatial dispersion of com 
rootworm larvae (Coleoptera: Chrysomelidae) in Iowa cornfields. Environ. Entomol. 
12: 1443-1446. 
Bergman, P. W., R. A. Davis, S. N. Fertig, F. Kuchler, R. McDowell, C. Osteen, A. L. 
Padula, K. L. Smith, and R. F. Torla. 1985. Pesticide assessment of field com and 
soybeans: com belt states. Nat. Agric. Pesticide Imp. Assess. Prog., USDA-ARS-
ERS Staff Rep. No. AGES850524A. 
Bernklau, E. J., and Bjostad LB. 1998. Re-investigation of host location by western com 
rootworm larvae: C02 is the only volatile attractant. J. Econ. Entomol. 91: 1331-
1340. 
83 
Berry, E. C., J. E. Campbell, C. R. Edwards, J. A. Harding, W. G. Lovely, and G. M. 
McWhorter. 1972. Further field tests of chemicals for control of the European com 
borer. J. Econ. Entomol. 65: 1113-1116. 
Bing, L. A., and L. C. Lewis. 1991. Suppression of Ostrinia nubilalis (Hubner) 
(Lepidoptera: Pyralidae) by endophytic Beauveria bassiana (Balsamo) 
Vuillemin. Environ. Entomol. 20: 1207-1211. 
Bode, W. M., and D. D. Calvin. 1990. Yield-loss relationships and economic injury 
levels for european com borer populations (Lepidoptera: Pyralidae) infesting 
Pennsylvania field com. J. Econ, Entomol. 83: 1595-1603. 
Branson, T. F. 1986. Larval feeding behavior and host plant resistance in maize, p.p. 159-
182. In Krysan , J. L. and T. A. Miller (eds.), Methods for the study of pest 
Diabrotica. Sporinger-Verlag, New York. 
Branson, T. F. 1987. The contribution of prehatch and posthatch development to protandry 
in the chrysomelid, Diabrotica virgifera virgifera. Entomol. Exp. Appl. 43: 205-208. 
Branson, T. F., and R. D. Johnson. 1973. Adult western com rootworms: oviposition, 
fecundity, and longevity in the laboratory. J. Econ. Entomol. 66: 417-418. 
Branson, T. F., G. R. Sutter, and J. R. Fisher. 1982. Comparison of a tolerant and 
susceptible maize inbred under artificial infestations of Diabrotica virgifera virgifera : 
yield and adult emergence. Environ. Entomol. 11: 371-372. 
Branson, T. F., V. A. Welch, G. R. Sutter, and J. R. Fisher. 1983. Resistance to larvae of 
Diabrotica virgifera virgifera in three experimental maize hybrids. Environ. 
Entomol. 12: 1509-1512. 
Branson, T. F., M. Valdes, and A. L. Kahler. 1986. Evaluation of Mexican populations of 
84 
maize for resitance to larvae of Diabrotica virgifera (Coleoptera: Chrysomelidae). 
Maydica 31: 173-177. 
Brindley, T. A., A. N. Sparks, W. B. Showers and W. D. Guthrie. 1975. Recent 
research advances on the European corn borer in North America. Ann. Rev. 
Entomol. 20: 221-239. 
Caffery, D. J. 1926. How to fight the European corn borer this fall. USDA Misc. Cir. 
No. 84. 
Caffrey, D. J., and L. H. Worthley. 1927a. A progress report on the investigations of 
the European corn borer. USDA Bull. 1476. 
Caffrey, D. J., and L. H. Worthley. 1927b. The European corn borer: Its present status 
and methods of control. USDA Bull. 1548. 
Capinera, J. L., N. D. Epsky, and D. C. Thompson. 1986. Effects of adult western com 
rootworm (Coleoptera: Chrysomelidae) ear feeding on irrigated com in Colorado. 
J. Econ. Entomol. 79: 1609-1612. 
Caprio M. A. 2001. Source-sink dynamics between transgenic and non-transgenic habitats 
and their role in the evolution of resistance. J. Econ. Entomol. 94: 698-705. 
Chandler, J. H., G. J. Musick, and M. L. Fairchild. 1966. Apparatus and procedure 
for separation of com rootworm eggs from soil. J. Econ. Entomol. 59: 1409 
1410. 
Chandler, L. D., G. R. Sutter, L. Hammack, and W. D. Woodson. 1995. Semiochemical 
insecticide bait management of com rootworms, clean water-clean environment. 
21st century: team agriculture-working to protect water resources. Volume 1 : 
Pesticides Proceedings Kansas City, MissouriUSA, 5-8 March 1995 pp. 29-32. 
Chiang, H. C. 1965. Survival of northern corn rootworm eggs through one and two winters. 
J. Econ. Entomol. 58: 470-472. 
Chiang, H. C. 1973. Bionomics of the northern and western corn rootworms. Annu. 
Rev. Entomol. 18: 47-72. 
Cinereski, J. E., and H. C. Chiang. 1968. The pattern of movement of adults of the 
northern com rootworm inside and outside of fields: J. Econ. Entomol. 1516 
1531. 61 1968. 
Cossentine, J. E., and L. C. Lewis. 1988. Impact of Nosema pyrausta, Nosema sp., and 
a nuclear polyhedrosis virus on Lydella thompsoni within infected Ostrinia nubilalis 
hosts. J. Invert. Pathol. 51: 126-132. 
Culy, M. D., C. R. Edwards, and J. R. Cornelius. 1992. Effect of silk feeding by western 
com rootworm (Coleoptera: Chrysomelidae) on yield and quality of inbred com 
in seed com production fields. J. Econ. Entomol. 85:2440-2446. 
Darnell, S. J., L. J. Meinke, and L. J. Young. 2000. Influence of com phenology on adult 
western com rootworm (Coleoptera: Chrysomelidae) distribution. Environ. Entomol. 
29: 587-595. 
Davis, P. M., and S. B. Coleman. 1997. European com borer (Lepidoptera: Pyralidae) 
feeding behavior and survival on transgenic com containing crylA (b) protein from 
Bacillus thuringiensis. J. Kans. Entomol. Soc. 70:31-38. 
Davis, P. M., and D. W. Onstad. 2000. Seed mixtures as a resistance management strategy 
for European com borers (Lepidoptera: Crambidae) infesting transgenic com 
expressing CrylAb protein. J. Econ. Entomol. 93: 937-948. 
Dulmage, H. T., H. M. Graham, and E. Martinez. 1978. Interactions between the tobacco 
budworm, Heliothis virescens, and the e-endotoxin produced by the HD-1 isolate of 
Bacillus thuringiensis var. kurstaki: relationship between length of exposure to the 
toxin and survival. J. Invertebr. Pathol. 32: 40-50. 
Ebora, R. V., M. M. Ebora, and M. B. Sticklen. 1984. Transgenic potato expressing the 
Bacillus thuringiensis crylAc gene effects on the survival and food consumption of 
Phthorimea opercutella (lepidopteran: Gelechidae) and Ostrinia nubilalis 
Lepidoptera: Noctuidae). J. Econ. Entomol. 87: 1122-1127. 
Ellis, R. T., B. A. Stockhoff, L. Stamp, H. E. Schnepf, G. E. Schwab, M. Knuth, J. 
Russell, G. A. Cardineau, and K. E. Narva. 2002. Novel proteins active on 
Western com rootworm, Diabrotica virgifera virgifera Leconte. Applied Environ. 
Miocrobiol. 68: 1137-1145. 
Everett, T. R., H. C. Chiang, and E. T. Hibbs. 1958. Some factors influencing populations 
of European com borer (Pyrusta nubilalis (Hbn.) in the North Central Staes. Minn. 
Agric. Exp Stn. Tech. Bull.: 63pp. 
Fadamiro, H. ¥., and T. C. Baker. 1999a. Reproductive performance and longevity of 
female European com borer, Ostrinia nubilalis: effects of multiple mating, delay 
in mating, and adult feeding. J. Ins. Physiol. 45: 385-392. 
Fadamiro, H. Y., A. A. Cosse, and T. C. Baker. 1999b. Mating disruption of European 
com borer, Ostrinia nubilalis, by using two types of sex pheromone dispensers 
deployed in grassy aggregation sites in Iowa cornfields. J. Asia-Pacific Entomol. 
2: 121-132. 
Falconer, D. S. 1981. Introduction to quantitative genetics. 2nd ed. Longman, London and 
New York. 
Federici, B. A., and L. S. Bauer. 1998. CytlAa protein of Bacillus thuringiensis is toxic 
to the cottonwood leaf beetle, Chrysomela scripta, and suppresses high levels of 
resistance to Cry3Aa. Appl. Enviro. Microbiol. 64: 4368-4371. 
Felsot, A. S., J. G. Wilson, D. E. Kuhlman and K. L. Steffey. 1982. Rapid dissipation of 
carbofuran as a limiting factor in corn rootworm (Coleoptera: Chrysomelidae) control 
in fields with histories of continuous carbofuran use. J. Econ. Entomol. 75: 1098 
1103. 
Felsot, A. S., K. L. Steffey, E. Levine and J. G. Wilson. 1985. Carbofuran persistence in 
soil and adult corn rootworm (Coleoptera: Chrysomelidae) susceptibility: relationship 
to the control of damage by larvae. J. Econ. Entomol. 78: 45-52. 
Felsot, A. S., and A. Lew. 1989. Factors affecting bioactivity of soil insecticides: 
relationships among uptake, desorption, and toxicity of carbofuran and and terbufos. 
J. Econ. Entomol. 82: 389-395. 
Fischer, J., and M. Bergman. 1986. Field sampling larvae and pupae, pp. 83-99. In 
Krysan , J. L. and T. A. Miller (eds.), Methods for the study of pest Diabrotica. 
Springer-Verlag, New York. 
Fishhoff, D. A. 1996. Insect-resistant crop plants. In Biotechnology and Integrated Pest 
Management. G. J. Persley (ed.). CAB International, Okon, UK. 
Fizgerald, P. J., and E. E. Ortman. 1964. Breeding for resistance to western corn 
rootworm. Proceedings Annual Hybrid Com Industry-Research Conference. Am. 
Seed Trade Assoc. 19: 46-60. 
Foster, R. E., W. G. Ruesink, and W. H. Luckmann. 1979. Northern corn rootworm 
egg sampling. J. Econ. Entomol. 72: 659-663. 
Foster, R. E., J. J. Tollefson, and K l. Steffey. 1982. Sequential sampling plans for 
adult com rootworms (Coleoptera: Chrysomelidae). J. Econ. Entomol. 75: 791-793. 
Fromm, E. A., E. J. Bernklau, and L. B. Bjostad. 1998. Simple technique for scouting 
com rootworm larvae. Accesessed 4/19/04. 
http://www.colostate.edu/Depts/Entomolo2v/DQSters/fromm981108.html. 
Gahan, L. J., F. Gould, and D. G. Heckel. 2001. Identification of a gene 
associated with Bt resistance in Heliothis virescens. Science 293: 857-860. 
Gavlowski, J. E. Whitefîeld, G. H., and Ellis, C. R. 1992. Effect of larvae of western com 
rootworm (Coleoptera: Chrysomelidae) and of mechanical root pruning on sap flow 
and growth of com. J. Econ. Entomol. 85: 1434-1441. 
Gilbertson, R. L., W. M. Brown, Jr., E. G. Ruppel, and J. L. Capinera. 1986. 
Association of com stalk rot Fusarium spp. and western com rootworm beetles in 
Colorado. Phytopathology 76: 1309-1314. 
Gillette, C. P. 1912. Diabrotica virgifera LeConte is a com rootworm. J. Econ. 
Entomol. 5: 364-366. 
Godfrey, L. D., and F. T. Turpin. 1983. Comparison of western com rootworm 
(Coleoptera: Chrysomelidae) adult populations and economic thresholds in first 
year and continuous com fields. J. Econ. Entomol. 76: 1028-1032. 
Godfrey, L. D., L. J. Meinke, and R. J. Wright. 1983. Vegetative and reproductive 
biomass accumulation in field com response to root injury by western com rootworm 
(Coleoptera: Chrysomelidae). J. Econ. Entomol. 86: 1557-1573. 
Godfrey, L. D., K. E. Godfrey, T. E. Hunt, and S. M. Spomer. 1991. Natural enemies 
of European corn borer Ostinia nubilalis (Hiibner) (Lepidotera: Pyralidae) larvae 
in irrigated and drought-stressed corn. J. Kas. Entomol. Soc. 64: 279-286. 
Gould, F. 1998. Sustainability of transgenic insecticidal cultivars: intergrating pest 
genetics and ecology. Annu. Rev. Entomol. 43: 701-726. 
Gould, F., and A. Anderson 1991. Effects of Bacillus thuringiensis and HD-73 delta-
endotoxin on growth, behavior, and fitness of susceptible and toxin-adapted strains of 
Heliothis virescens (Lepidoptera: Noctuidae). Environ. Entomol. 20:30-38. 
Gray, M. E., and J. J. Tollefson. 1987. Influence of tillage and western and northern corn 
rootworm (Coleoptera: Chrysomelidae) egg populations on larval populations and 
root damage. J. Econ. Entomol. 80: 911-915. 
Gray, M. E. and J. J. Tollefson. 1988. Survival of the western and northern com 
rootworms (Coleoptera: Chrysomelidae) in different tillage systems throughout 
the growing season. J.Econ. Entomol. 81: 178-183. 
Gray, M. E., K. L. Steffey, and H. Oloumi-Sadeghi. 1993. Participatory on-farm 
research in Illinois cornfields: an evaluation of established soil insecticide rates 
and prevalence of com rootworm (Coleoptera:Chrysomelidae) injury. J. Econ. 
Entomol. 86: 1473-1482. 
Gustin, R. D., and T. E. Schumacher. 1989. Relationship of some soil pore parameters 
to movement of first-instar western com rootworm (Coleoptera: Chrysomelidae). 
Environ. Entomol. 18: 343-346. 
Guthrie W. D. 1989. Breeding maize and sorghum for resistance to the European com 
borer. In International workshop on sorghum stem borers, Nov. 17-20, 1987. 
90 
International crops research institute for the semi-arid tropics (ICRISAT) Center, 
Patancheru 502 324, Andhra Pradesh, India. 
Guthrie, W. D., and F. F. Dicke. 1972. Resistance of inbred lines of dent com to leaf 
feeding by first brood European com borers. Iowa State J. Sci. 46: 339-357. 
Guthrie, W. D. and D. Barry. 1989. Methodologies used for screening and determining 
resistance in maize to the European com borer. In International symposiumon 
methodologies for developing resistance to insects, March 8-13, 1987, Texcoco, 
Mexico. International Maize and Wheat Improvement Center, El Batan, Mexico. 
Guthrie, W. D., E. S. Raun, F. F. Dicke, G. R. Pesho, and S. W. Carter. 1965. 
Laboratory production of European com borer egg masses. Iowa State J. Sci. 40: 
65-83. 
Guthrie, W. D., J. L. Huggans, and S. M. Chatterji. 1970. Sheath and collar feeding 
resistance to the second brood European com borer in six inbred lines of dent com. 
Iowa State J. Sci. 44: 297-311. 
Guthrie, W. D., C. T. Tseng, J. Knoke, and J. L. Jarvis. 1982. European com borer and 
maize chllorotic dwarf virus resistance-susceptibility in inbred lines of dent maize. 
Maydica 27:221-223. 
Guthrie, W. D., S. Dharmalingam, J. L. Jarvis, D. Kindler, R. E. Atkins, C. T. Tseng, 
and D. Zhou. 1984. European com borer: rate of second-generation larval mortality 
in sorghum hybrids compared with inbred lines of maize during anthesis. J. Agric. 
Entomol. 1: 273-281. 
Guthrie, W. D., W. A. Russell, J. L. Jarvis and J. C. Robbing. 1985. Performance of 
maize inbred line B68 in hybrid combinations: resistance to first- and second 
91 
generation European corn borers (Lepidoptera: Pyralidae). J. Econ. Entomol. 78: 93 
95. 
Guthrie, W. D., J. A. Hawk, and J. L. Jarvis. 1989. Performance of maize inbred line 
DE811 in hybrid combinations: resistance to first- and second-gneration European 
corn borers (Lepidoptera: Pyralidae). J. Econ. Entomol. 82: 1804-1806. 
Harding, J. A., W. G. Lovely, and R. C. Dyar. 1968. Field tests of chemicals for 
control of the European corn borer. J. Econ. Entomol. 61: 1427-1430. 
Harris , H. M. and J. M. Brindley. 1942. The European corn borer in Iowa. J. Econ. 
Entomol. 35: 940-941. 
Hawk, J. A. 1985. Registration of DS811 germplasm line of maize. Crop Sci. 25: 716. 
Hein, G. L. and J. J. Tollefson. 1984. Comparison of adult corn rootworm (Coleoptera: 
Chrysomelidae) trapping techniques as population estimators. Environ. Entomol. 13: 
268-273. 
Hein, G. L., and J. J. Tollefson. 1985a. Use of Pherocon AM trap as a scouting tool for 
predicting damage by corn rootworm (Coleoptera: Chrysomelidae) larvae. J. Econ. 
Entomol. 78: 200-203. 
Hein, G. L., and J. J. Tollefson. 1985b. Seasonal oviposition of northern and western com 
rootworms (Coleoptera: Chrysomelidae) in continous cornfields. J. Econ. Entomol. 
78:1238-1241. 
Hein, G. L., M. K. Bergman, R. G. Bruss, and J. J. Tollefson. 1985a. Absolute 
sampling technique for com rootworm (Coleoptera: Chrysomelidae) adult 
emergence that adjusts to fit common-row spacing. J. Econ. Entomol.78: 1503 
1506. 
92 
Hein, G. L., J. J. Tollefson, and P. N. Hinz. 1985b. Design cost considerations in the 
sampling of northern and western corn rootworm (Coleoptera: Chrysomelidae) eggs. 
J. Econ. Entomol. 78: 200-203. 
Hein, G. L., J. J. Tollefson, and R. E. Foster. 1988. Adult northern and western com 
rootworm (Coleoptera: Chrysomelidae) population dynamics and opposition: J. 
Kansas Entomol. Soc. 61: 214-223. 
Hibbard, B. E. and L. B. Bjostad. 1988. Behavioral responses of western com rootworm 
larvae to volatile semiochemicals from com seedlings. J. Chem. Ecol. 14: 1523 
1539. 
Hibbard, B. E., L. L. Darrah, and B. D. Barry. 1999. Combining ability of resistance 
leads and identification of a new resistance source for western com rootworm 
(Coleoptera: Chrysomelidae) larvae in com. Maydica. 44: 133-139. 
Hill, R. E. 1975. Mating, oviposition pattrems, fecundity, and longevity of the western com 
rootworm. J. Econ. Entomol. 68: 311-315. 
Hill, R. E., E. Hixson, and M. H. Muma. 1948. Com rootworm control tests with benzene 
hexachloride, DDT, nitrogen fertilizers and crop rotations. J. Econ. Entomol. 41 : 
392-401. 
Hill, R. E., and Z B Mayo. 1974. Trap-crop to control com rootworms. J. Econ. 
Entomol. 67: 478-450. 
Hill, R. E., and Z B Mayo. 1980. Distribution and abundance of com rootworm species 
as influenced by topography and crop rotation in eastern Nebraska. Environ. 
Entomol. 9: 122-127. 
Hills, T. M., and D. C. Peters. 1971. A method of evaluating post-plant insecticide 
93 
treatments for control of western corn rootworm larvae. J. Econ. Entomol. 64: 
764-765. 
Hodgson, B. E. 1928. The host plants of the European corn borer in New England. 
Tech. Bull. No. 77. USDA, Wash., D.C. 1-64. 
Hou, X. L., L. J. Meinke, and J. J. Arkebauer. 1997. Soil moisture and larval western 
corn rootworm injury: Influence on gas exchange parameters in com. Agron. J. 890: 
709-717. 
Howe, W. L., and J. Shaw. 1972. Soil sampling technique for rootworm egg 
populations. Proc. North Cent. BranchEntomol. Soc. Am.. 27: 123-127. 
Hudon, M. 1962. Field experiments with Bacillus thuringiensis and chemical 
insecticides for the control of the European com borer, Ostrinia nubilalis, on 
sweet com in southwestern Quebec. J. Econ. Entomol. 55: 115-117. 
Hyde, J., M. A. Martin, P. V. Preckel, C. L. Dobbins, and C. R. Edwards. 2001. The 
economics of Bt com: Valuing protection from the European com borer. Rev. 
Agric. Econ. 21: 442-454. 
Isard, S. A., J. L. Spencer, M. A. Nasser, and E. Levine. 2000. Aerial movement of 
western com rootworm (Coleoptera: Chrysomelidae): diel periodicity of flight 
activity in soybean fields. Environ. Entomol. 29: 226-234. 
Jackson, J. J., and N. C. Elliott. 1988. Temperature-dependent development of 
immature stages of the western com rootworm, Diabrotica virgifera virgifera 
(Coleoptera: Chrysomelidae). Environ. Entomol. 17: 166-171 
Jensen, S. G. 1985. Laboratory transmission of maize chlorotic mottle virus by three 
species of com root worm. Plant Dis 69: 864-868 
94 
Jones, D. W., and D. J. Caffrey. 1927. Status of imported parasites of the European 
corn borer. USD A Cir. No. 14, Oct., Wash., D.C. 
Kahler, A. L., A. E. Olness, G. R. Sutter, C. D. Dybing, and O. J. Devine. 1985. Root 
damage by western corn rootworm Diabrotica virgifera virgifera and nutrient content 
in maize Zea Mays. Agron. J. 77: 769-774. 
Klenke, J. R., W. A. Russell, W. D. Guthrie, and O. S. Smith. 1988. Inbreeding 
depression and gne frequency changes for agronomic triats in corn synthetic selected 
for resistance to European corn borer. J. Agric. Entomol. 5: 225-233. 
Klun, J. A. and J. F. Robinson. 1969. Concentration of two 1, 4-benzoxazinones in dent 
corn at various stages of development of plant and its relation to resistance of the host 
plant to European corn borer. J. Econ. Entomol. 62: 214-220. 
Knowles, B. H., and D. J. Ellas. 1987. Colloid-osmotic lysis is a general feature of the 
mechanism of action of Bacillus thuringiensis delta-endotoxin with different insect 
specificity. Biochem. Biophys. Acta. 924:509-518. 
Koziel, M. G., G. L. Beland, C. Bowman, N. B. Carozzi, R. Crenshaw, L. Crossland, 
J. Dawson, N. Desai, M. Hill, S. Kadwell, K. Launis, K. Lewis, D. Maddox, K. 
McPherson, M. R. Meghji, E. Merlin, R. Rhodes, G. W. Warren, M. Wright, 
and S. V. Evola. 1993. Field performance of elite transgenic maize plants 
expressing an insecticidal protein derived from Bacillus thuringiensis. 
Bio/Technol. 11: 194-200. 
Koziol, F. S., and J. F. Witkowski. 1981. Dosage-mortality response of the first three 
instars of European com borer (Lepidotera: Pyralidae) larvae to seven insectides. 
J. Kan. Entomol. Soc. 54: 327-330. 
Krysan, J. L. and T. F. Branson. 1983. Biology, ecology, and distribution of Diabrotica, 
pp. 144-150. In D. T. Gordon, J. K. Knoke, L. R. Nault, and R. M. Ritter (eds.), 
Proceedings of the International Maize Virus Disease Colloquium and Workshop. 2-6 
August 1982 Ohio Agriculutre Research and Development Center, Wooster, OH. 
Krysan, J. L., and T. A. Miller. 1986. Methods for the study of pest Diabrotica. Springer-
Verlag, West Hanover, MA. 
Krysan J. L., J. J. Jackson, and A C. Lew. 1984. Field termination of egg diapause in 
Diabrotica with new evidence of extended diapause in D. barberi 
(Coleoptera:Chrysomelidae). Environ. Entomol. 13, 1237-1240. 
Kuhar, T. P., and R. R. Youngman. 1998. Olson yellow sticky trap: decision-making 
tool for sampling western corn rootworm (Coleoptera: Chrysomelidae) adults in 
feld corn. J. Econ. Entomol. 91: 957-963 
Kwolek, W. F., and T. A. Brindley. 1959. The effects of the European com borer, Pyrusta 
nubilalis (Hubn.), on com yield. Iowa State Coll. J. Sci. 33: 293-323. 
Levin e, E., and M. E. Gray 1994. Use of cucurbitacin vial traps to predict com rootworm 
(Coleoptera: Chrysomelidae) larval injury in a subsequent crop of com. J. Entomol. 
Sci 29: 590-600. 
Levine, E. and M. Gray. 1996. First-year com rootworm injury: east-central Illinois 
research progress to date and recommendations for 1996. pp. 3-13. In Proc. 96' 111. 
Agricul. Pesticides Conf., Univ. Illinois, Urbana-Champaign. 
Levine, E., and H. Oloumi-Sadeghi. 1991. Management of Diabroticite rootworms in 
com: Arum Rev. Entomol. 36: 229-255. 
Levine, E., and H. Oloumi-Sadeghi. 1996. Western com rootworm (Coleoptera: 
96 
Chrysomelidae) larval injury to corn grown for seed production following 
soybean grown for seed production. J. Econ. Entomol. 89 1010-1016. 
Levine, E., H. Oloumi-Sadeghi, and C. R. Ellis. 1992. Thermal requirements, hatching 
patterns, and prolonged diapause in western corn rootworm (Coleoptera: 
Chrysomelidae) eggs. J. of Econ. Entomol. 85: 2425-2432. 
Lewis, L. C., and T. B. Johnson. 1982. Efficacy of two nuclear polyhedrosis viruses 
against Ostrinia nubilalis [Lep.: Pyralidae] in the laboratory and field. 
Entomophaga. 27: 3 3-3 8. 
Lewis, L. C., and R. E. Lynch. 1969. Rearing the European corn borer, Ostrinia 
nubilalis (Hubner), on diets containing corn leaf and wheat germ. Iowa State J. 
Sci. 44: 9-14. 
Lewis, L. C., and R. E. Lynch. 1978. Foliar application of Nosema pyrausta for 
suppression of populations of European corn borer. Extrait d'Entomophaga. 23: 
83-88. 
Little, R. J., Jr., J. M. Devine, F. D. Tenne, P. J. Walgenbach, and D.W. Belcher. 1992. 
Performance of terbufos on corn rootworm (Coleoptera: Chrysomelidae) in the Corn 
Belt. J. Econ. Entomol. 85: 1413-1424. 
Liu, Y. B., B. E. Tabashnik, T. J. Dennehy, A. L. Patin, and A. C. Bartlett. 1999. 
Development time and resistance to Bt crops. Nature (Lond.) 400:519. 
Liu, Y. B., B. E. Tabashnik, S. K. Meyer, Y. Carrière, and A. C. Bartlett. 2001. 
Genetics of pink bollworm resistance to Bacillus thuringiensis toxin Cry 1 Ac. J. 
Econ. Entomol. 94: 248-252. 
Losey, J. E., and D. D. Calvin. 1995. Quality assessment of four commercially available 
species of Trichogramma. J. Econ. Entomol. 88(5): 1243-1250. 
Luckmann, W. H. 1978. Insect control in corn-practices and prospects. In Pest Control 
Strategies, ed. E. H. Smith, D. Pimentel, pp. 137-155. New York: Academic. 334 pp. 
Lynch, R. E. 1980. European corn borer: yield losses in relation to hybrid and stage of corn 
developments. J. Econ. Entomol. 73: 159-164. 
Mason, C. E., M. E. Rice, D. D. Calvin, J. W. Van Duyn, W. B. Showers, W. D. 
Hutchison, J. F. Witkowski, R. A. Higgins, D. W. Onstad, and G. P. Dively. 
1996. North Central Regional Extension Publication No. 327 by Iowa State 
University, Ames, Iowa. 
Mason, C. E., E. Y. Stromdahl, and J. D. Pesek, Jr. 1997. Placement of pheromone 
traps within the vegetation canopy to enhance capture of male European corn 
borer (Lepidoptera: Pyralidae). J. Econ. Entomol. 90: 795-800. 
Mayo, Z B 1976. Aerial suppression of rootworm adults for larval control. Department of 
Entomology Report 2. University of Nebraska, Lincoln. 
Mayo, Z B 1986. Field evaluation of insecticides. Pp. 183-203. In J. L. Krysan T. A. Miller 
Methods for the study of pest Diabrotica. Springer New York. 
Mayo, Z B, and L. L. Peters. 1978. Planting vs. cultivation time applications of granular 
soil insecticides to control larvae of corn rootworms in Nebraska. J. Econ. Entomol. 
71:801-803. 
McGaughey, W.M., and Oppert, B. 1996. Mechanisms of Insect Resistance to Bacillus 
thuringiensis Toxins. The Second En Gedi Conference on Bacterial Control of 
Agricultural Insect Pests. 
McGaughey, W. H., and Oppert, B. 1998. Mechanisms of insect resistance to Bacillus 
thuringiensis toxins. Israel J. of Entomol XXXII: 1-14. 
Meinke, L. J. 1995. Adult com rootworm management. Univ. Neb. Agric. Res. Div. Misc. 
Publ. 63-C. 
Meinke, L. J., B. D. Siegfried, R. J. Wright, and L. D. Chandler. 1998. Adult 
susceptibility of Nebraska western com rootworm (Coleoptera: Chrysomelidae) 
populations to selected insecticides. J. Econ. Entomol. 91: 594-600. 
Metcalf, R. L. 1986. Foreword, pp. vii-xv. In J. L. Krysan T. A. Miller Methods for the 
study of pest Diabrotica. Springer-Verlag, West Hanover, MA. 
Mihm, J. A. 1974. Com rootworm populations and damage to com in field plots receiving 
heavy applications of animal manures. Ph.D. dissertation, University of Minnesota. 
St. Paul. 
Musick, G. J., and P. J. Suttle. 1972. Ohio northern com rootworm research, Part I: 
Chemical control. Annual report. Ohio Agricultural Research and Development 
Center, Wooster, OH. 
Naranjo, S. E. 1991. Movement of com rootworm beetles, Diabrotica spp. (Coleoptera: 
Chrysomelidae), at cornfield boundaries in relation to sex, reproductive status, and 
crop phenology. Environ. Entomol. 20: 230-240. 
Naranjo, S. E. 1994. Flight orientation of Diabrotica virgifera virgifera and D. barberi 
(Coleoptera: Chrysomelidae) at habitat interfaces. Ann. Entomol. Soc. Am. 87: 383-
394. 
99 
Naranjo, S. E., and A. J. Sawyer. 1987. Reproductive biology and survival of Diabrotica 
barberi (Coleoptera: Chrysomelidae): effect of temperature, food, and seasonal time 
of emergence. Ann. Entomol. Soc. Am. 80: 841-848. 
Naranjo, S. E., and A. J. Sawyer. 1988. A simulation model of northern com rootworm, 
Diabrotica barberi Smith and Lawrence (Coleoptera: Chrysomelidae), in field com. 
Environ. Entomol. 17: 508-521. 
Nault, L. R., W. E. Styer, M. E. Coffey, D. T. Gordon, L. S. Negi, and C. L. Niblett. 
1978. Transmission of com chlorotic mottle virus by chrysomelid beetles: 
Phytopathology. 68: 1071-1074. 
Nowatzki, T. M., J. J. Tollefson, and T. B. Bailey. 2002a. Development and validation of 
models for predicting the seasonal emergence of com rootworm (Coleoptera: 
Chrysomelidae) beetles in Iowa. Environ.. Entomol. 31: 864-873. 
Nowatzki, T. M., J. J. Tollefson, and T. B. Bailey. 2002b. Effects of row spacing and plant 
density on com rootworm (Coleoptera: Chrysomelidae) emergence and damage 
potential to com. J. Econ. Entomol. 95: 570-577. 
Nowatzki, T. M., B. Niimi, K. J. Warren, S. Putman, L. J. Meinke, D. C. Gosselin, F. E. 
Harvey, T. E. Hunt, and B. D. Siegfried. 2003. In-field labeling of western com 
rootworm adults (Coleoptera: Chrysomelidae) with Rubidium. J. Econ. Entomol. 96: 
1750-1759. 
Nyhus, K. A., W. A. Russell, and W. D. Guthrie. 1989. Changes in agronomic traits 
associated with recurrent selectionin two maize synthetics. Crop Sci. 29: 269-275. 
Ogiware, K., L. S. Indrasith, S. Asano, and H. Hori. 1992. Processing of delta-endotoxin 
from Bacillus thuringiensis subsp. kurstaki HD-1 and HD-73 by gut juices of various 
insect larvae. J. Invertebr. Pathol. 60: 121-126. 
Oloumi-Sadeghi, H., W. B. Showers, and G. L. Reed. 1975. European corn borer: 
lack of synchrony of attraction to sex pheromone and capture in light traps. J. 
Econ. Entomol. 68: 663-667. 
Oloumi-Sadeghi, H., and E. Levine. 1989. Effect of starvation and time of egg hatch on 
larval survival of the western com rootworm, Diabrotica virgifera virgifera 
(Coleoptera: Chrysomelidae) in the laboratory. J. Kans. Entomol. Soc. 62: 108-116. 
O'Neal, M. E., M. E. Gray, and C. A. Smyth. 1999. Population characteristics of a 
western com rootworm (Coleoptera: Chrysomelidae) strain in east-central Illinois 
com and soybean fields. J. Econ. Entomol. 92: 1301-1310. 
O'Neal, M. E., M. E. Gray, S. Ratcliffe, and K. L. Steffey. 2001. Predicting western com 
rootworm (Coleoptera: Chrysomelidae ) larval injury to rotated com with Pherocon 
AM traps in soybeans. J. Econ. Entomol. 94: 98-105. 
O'Neal, M. E., C. D. DiFonzo, and D. A. Landis. 2002. Western com rootworm 
(Coleoptera: Chrysomelidae ) feeding on com and soybean leaves affected by com 
phenology. Environ. Entomol. 31: 285-292. 
Ostlie, K. R., W. D. Hutchinson, and R. L. Hellmich (eds.). 1997. Bt com and European 
com borer. NCR publication 602. University of Minnesota, St. Paul, MN. 
Patch, L. H., G. W. Still, B. A. App, and C. A. Crooks. 1941. Comparative injury by the 
European com borer to open-pollinated and hybrid field com. J. Agric. Res. 63: 355-
368. 
101 
Patch, L. H., G. W. Still, M. Schhlosberg, and G. T. Bottger. 1942. Factors determining 
the reduction in yield of field corn by the European corn borer. J. Agr. Res. 65: 473-
482. 
Patch, L. H., H. O. Deay, and R. O. Snelling. 1951. Stalk breakage of dent corn infested 
with the August generation of the European corn borer. J. Econ. Entomol. 44: 534-
539. 
Patel, K. K., and J. W. Apple. 1967. Ecological studies on the eggs of northern corn 
rootworm. J. Econ. Entomol. 60: 496-500. 
Pilcher, C. D., and M. E. Rice. 2001. Effect of planting dates and Bacillus thuringiensis 
corn on the population dynamics of European com borer (Lepidoptera: Crambidae). 
J. Econ. Entomol. 94: 730-742. 
Pilcher, C. D., M. E. Rice, R. A. Higgins, K. L. Steffey, R. L. Hellmich, J. Witkowski, 
D. D. Calvin, K. R. Ostlie, and M. Gray. 2002. Biotechnology and the 
European com borer: measuring historical farmer perceptions and adoption of 
transgenic Bt com as a pest management strategy. J. Econ. Entomol. 95: 878 
892. 
Pruess, K. P., G. T. Weekman, and B. R. Somerhalder. 1968. Western conr rootworm 
egg distribution and adult emergence under two com tillage systems. J. Econ. 
Entomol. 61: 1424-1427. 
Pruess, K. P., J. F. Witkowski, and E. S. Raun. 1974. Population suppression of western 
com rootworm by adult control with ULV malathion. J. Econ. Entomol. 67: 651-
655. 
102 
Quiring, D. T., and P. R. Timmons. 1990. Influence of reproductive ecology on feasibility 
of mass trapping Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae). J. 
Applied Ecol. 27:965-982. 
Rice, M. E. 2001. Northern com rootworms in com and soybean. Iowa State University 
Extension, Integrated Crop Management. IC-486(22). 
Rice, M. E., and J. Tollefson. 1999. Com rootworms and lodged first-year com. Iowa 
State University Extension, Integrated Crop Management. IC-482(22). 
Rice , M. E., and J. D. Oleson. 2000. Com rootworm insecticide evaluated, pp. 187-191. In 
Todd, J. L. (ed.) Intergrated Crop Management IC-383(24). Iowa State University 
Extension. 
Riedell, W. E. 1993. Advances in understanding com rootworm damage effects on maize 
physiology. P. 76-90. In D. Wilkinson (ed.) Proc. Annu. Com Sorghum Res. Conf. 
No. 48. Am. Seed Trade Assn., Washington, DC. 
Riedell, W. E., and A. Y. Kim. 1990. Anatomical characterization of western com 
rootworm damage in adventitious roots of com: J. Iowa Acad. Sci. 15-17. 97 1990. 
Riedell, W. E., and P. D. Evenson. 1993. Rootworm feeding tolerance in single-cross 
maize hybrids from different eras. Crop Sci. 33: 951-955. 
Riedell, W. E., and R. N. Reese. 1999. Plant morphology and shoot C02 assimilation of 
maize damaged by com rootworm larval feeding. Crop Sci. 39:1332-1340 
Rondon, S. I., and M. E. Gray. 2003. Captures of western com rootworm (Coleoptera: 
Chrysomelidae) adults with Pherocon AM and vial traps in four crops in east central 
Illinois. J. Econ. Entomol. 96: 737-747. 
103 
Roush, R. T. 1994. Managing pests and their resistance to Bacillus thuringiensis: can 
transgenic crops be better than sprays. Biocontrol-sci-technol. Abingdon, 
Oxfordshire: Carfax Publishing Co., pp. 501-506. 
Roush, R. T. 1998. Can we slow adaptation by pests to insect transgenic crops? Pp. 
242-263. In G. J. Persley, [ed.] Biotechnology and integrated pest management. No. 
15. CAB International, Wallingford, UK. 
Ruesink, W. G. 1986. Egg sampling techniques, pp. 83-99. In J. L. Krysan T. A. Miller 
Methods for the study of pest Diabrotica. Springer New York. 
Ruppel, R. F., H. L. Russell, and S. J. Jennings. 1978. Indices for projecting 
emergence of com rootworm adults in Michigan. J. Econ. Entomol. 71: 947-949. 
Russell, W. A. and W. D. Guthrie. 1979. Registration of B85 and B86 germplasm lines of 
maize. Crop Sci. 19: 565. 
Russell, W. A. and W. D. Guthrie. 1982. Registration for BS(CB)C4 maize germplasm. 
Crop Sci. 22: 694. 
Russell, W. A., L. H. Penny, W. D. Guthrie, and F. F. Dicke. 1971. Registration of maize 
germplasm inbreds. Crop Sci. 11: 140. 
Russngole, J. 1997. Studies show solid Bt payback. Soybean Digest. October, 24i-24j. 
Sammons, A. E., C. R. Edwards, L. W. Bledsoe, P. J. Boeve and J. J. Stuart. 1997. 
Behavioral and feeding assays reveal a western com rootworm (Coleoptera: 
Chrysomelidae) variant that is attracted to soybean. Environ. Entomol. 26: 1336 
-1342. 
Sappington, T. W., and W. B. Showers. 1983. Comparison of three sampling methods for 
104 
monitoring adult European corn borer population trends. J. Econ. Entomol. 76: 
1291-1297. 
Say, T. 1824. Descriptions of coleopterous insects collected in the late expedition to the 
Rocky Mountains, performed by order of Mr. Calhoun, Secretary of War, under the 
command of Major Long. J. Acad. Nat. Sci. Phila. 3: 403-462. 
Shaw, J. T., W. H. Brink, D. W. Sherrod, and W. H. Luckmann. 1975. Predicting 
infestations of wireworms, corn rootworms, and black cutworms in Illinois cornfields. 
In Proceedings, 27th Illinois Custom Spray Operators Training School. Univ. 
IllinoisCooperative Service, Champaign, 111. 
Shaw, J. T., R. O. Ellis, and W. H. Luckmann. 1976. Apparatus and procedure for 
extracting corn rootworm eggs from soil. 111. Nat. Hist. Sur. Biol. Notes 96: 10 pp. 
Shaw, J. T., J. H. Paullus, and W. H. Luckmann. 1978. Corn rootworm oviposition in 
soybeans. J. Econ. Entomol. 71: 189-191. 
Shaw, J. T., W. G. Ruesink, S. P. Briggs, and W. H. Luckmann. 1984. Monitooring 
populations of corn rootworm beetles (Coleoptera: Chrysomelidae) with a trap baited 
with cucurbitacins. J. Econ. Entomol. 77: 1495-1499. 
Showers, W. B., J. F. Witkowski, C. E. Mason, D. D. Calvin, R. A. Higgins, and G. P. 
Dively. 1989. North Central Regional Extension Publication No. 327 by Iowa State 
University, Ames, Iowa. 
Showers, W. B., G. L. Reed, J. F. Robinson, and M. B. Derozari. 1976. Flight and sexual 
activity of the European com borer. Environ. Entomol. 5: 1099-1104. 
Smith, O. S. 1984. Comparison of effects of reciprocal recurrent selection in the BSSS(R), 
105 
BSCB1 (R), and BS6 populations. Maydica 29: 1-8. 
Solano, N. B. 1994. Corn rootworm phenology and influence of cultural practices. M. S. 
thesis. Cornell University, Ithaca, NY. 
Spencer, J. L., S. A. Isard, and E. Levine, 1998. Western corn rootworms on the move: 
monitoring beetles in corn and soybeans, pp. 10-23. In Illinois Agricultural Pesticides 
Conference. Cooperative Extensin Service, University of Illinois. Urbana-Champagne. 
Spencer, J. L., S. A. Isard and E. Levine. 1999. Free flight of western corn rootworm 
(Coleoptera: Chrysomelidae) to com and soybean plants in a walk-in wind tunnel. J. 
Econ. Entomol. 92: 146-155. 
Spike, B. P., and J. J. Tollefson. 1991. Yield response of com subjected to 
western com rootworm (Coleoptera: Chrysomelidae) infestation and 
lodging: J. Econ. Entomol. 84: 1585-1590. 
Steffey, K. L., and J. J. Tollefson. 1982. Spatial dispersion patterns of northern and 
western com rootworm adults in Iowa cornfields. Environ. Entomol. 11: 283-286. 
Steffey, K. L., M. E. Gray, and D. E. Kuhlman. 1992. Extent of com rootworm 
(Coleoptera: Chrysomelidae) larval damage in com after soybeans search for the 
expression of the prolonged diapause trait in Illinois. J. Econ. Entomol. 85: 268 
275. 
Steffey, K. L., M. E. Rice, J. All, D. A. Andow, M. E. Gray, and J. W. Van Duyn 
[eds.]. 1999. Handbook of Com Insects. Published by Entomol. Soc. Am., 
Lanham, MD. 164 pp. 
Stern, V. M., R. F. Smith, R. van den Bosch, and K. S. Hagen. 1959. The integrated 
control concept. Higardia 29: 81-101. 
Strachan, S. D., and S. L. Kaplan. 2001. Responses of high-oil and hybrid corn to 
rootworm beetles during pollination. Agron. J. 93:1043-1048. 
Strnad, S. P., and M. K. Bergman. 1987a. Movement of first-instar western corn 
rootworms (Coleoptera: Chrysomelidae) in soil. Environ. Entomol. 16: 975-978. 
Strnad, S. P., and M. K. Bergman. 1987b. Distribution and orientation of western corn 
rootworm (Coleoptera: Chrysomelidae) larvae in corn roots. Environ. Entomol. 
16: 1193-1198. 
Tabashnik, B. E. 1994. Evolution of resistance to Bacillus thuringiensis. Annu. Rev. 
Entomol. 39: 47-79. 
Tabashnik, B. E. 1997. Seeking the root of insect resistance to transgenic plants. Proc. 
Nat'l. Acad. Sci. USA 94: 3488-3490. 
Tabashnik, B. E., and B. A. Croft. 1982. Managing pesticide resistance in crop-arthropod 
complexes: interactions between biological and operational factors. Environ. 
Entomol. 11: 1137-1144. 
Tabashnik, B. E., J. M. Schwartz, N. Finson, and M. W. Johnson. 1992. Inheritance of 
resistance to Bacillus thuringiensis in diamondback moth (Lepidoptera: Plutellidae). J. 
Econ. Entomol. 85: 1046-55. 
Tabashnik, B. E., Y. B. Liu, T. J. Dennehy, M. A. Sims, M. S. Sisterson, R. W. Biggs, Y. 
Carrière. 2002. Inheritance of resistance to Bt toxin Cry 1 Ac ub a fuekd-derived strain 
of pink bollworm (Lepidoptera: Gelechiidae). J. Econ. Entomol. 95: 1018-1026. 
Tate, H. D., and O. S. Bare. 1946. Com rootworms. Neb. Agricul. Expt. Stn. Bull. 381: 3-12. 
107 
Tollefson, J. J. 1975. Corn rootworm adult- and egg-sampling techniques as predictors of 
larval damage. Ph.D. dissertation, Iowa State University, Ames. 
Tollefson, J. J. 1990. Comparison of adult and egg sampling for predicting subsequent 
populations of western and northern corn rootworms (Coleoptera: 
Chrysomelidae). J. Econ. Entomol. 83: 574-579. 
US Environmental Protection Agency. 1998. The Environmental Protection Agency's 
White Paper on Bt plant-pesticide Resistance Management. U.S. EPA, 
Biopesticides and Pollution Division (7511W), 401 M Street, SW, Washington, 
D.C. 14 January 1998. (Accesesed January 10, 2001) 
http://www.epa.gov/fedrgstr/EPA/pest/1998/J anuary/Day-14/paper.pdf 
U.S. EPA. 2001a. Biopesticide Registration Action Document: Bacillus thuringiensis cry IF 
corn. (Accessed April 8, 2004) 
http://www.epa.gov/oppbppdl/biopesticides/ingredients/tech docs/brad OO648l.pdf. 
U.S. EPA. 2001b. Bt Plant- Incorporated Protectants October 15, 2001 Biopesticides 
Registration Action Document. V. Bt Corn Confirmatory Data and Terms and 
Conditions of the Amendment. (Accessed April 8, 2004) 
http//www.epa. gov/oppbppd 1 /biopesticides/pips/bt brad2Z7-coom.pdf 
U. S. EPA. 2002. Review of efficacy and insecticidal activity data for Event MON 863: com 
rootworm protected com (vector ZMIRI13L). (Accessed April 19, 2004) 
http://www.epa.gov//oscpmont/sap/2002/qugust/6-25-
2OO2 efficacy and insect act rev mon 863 com.pdf 
108 
U.S. EPA. 2003a. Event MON863 Bt Cry3Bbl Corn Biopesticide Pregistration Action 
Document. (Accessed April 8, 2004) 
http://www.epa.gov/oppbppdl/biopesticides/ingredients/tech_docs/brad_006484.pdf. 
U.S. EPA. 2003b. Bacillus thuringiensis Cry3Bbl Protein and the Genetic Material Necessary 
for its Production (Vector ZMIR13L) in Event Mon863 Corn Fact Sheet. (Accessed 
April 8, 2004) 
http//www.epa.gov/biopesticides/ingredients/ factsheetsZfactsheet_006484.htm 
Van Rie J. 1991. Insect control with transgenic plants: resistance proof? Trends in 
Biotechnol. 9:177-179. 
VanWoerkom, G. J., F. T. Turpin, and J. R. Jr. Barrett. 1983. Wind effect on western 
corn rootworm (Coleoptera: Chrysomelidae) flight behavior: Environ. Entomol 12: 
196-200. 
Walker, K. A., R. L. Hellmich, and L. C. Lewis. 2000. Late-instar European corn borer 
(Lepidoptera: Crambidae) tunneling and survival in transgenic com hybrids. J. Econ. 
Entomol. 93: 1276-1285. 
Wang, B., D. N. Ferro, and D. W. Hosmer. 1999. Effectiveness of Trichogramma 
ostriniae and T. nubilale for controlling the European com borer Ostrinia 
nubilalis in sweet com. Entomol. Exp. Appl. 1999, 91 297-303. 
Webster, F. M. 1895. On the probable origin, development, and diffusion of North 
American species of the genus Diabrotica. J. N.Y. Entomol. Soc. 3: 158-166. 
Webster, R. P., R. E. Charlton, C. Schal, and R. T. Cardé. 1986. High-efficiency 
pheromone trap for the European com borer (Lepidotera: Pyralidae). J. Econ. 
Entomol. 79: 1139-1142. 
109 
Weiss, M. J., and Z B Mayo. 1985. Influence of corn plant density on com rootworm 
(Coleoptera: Chrysomelidae) population estimates. Environ. Entomol. 
14:701-704. 
Whitworth, R. J., G. E. Wide, R. A. Shufran, and G. A. Milliken. 2002. Comparison of 
adult com rootworm (Coleoptera: Chrysomelidae) sampling methods. J. Econ. 
Entomol. 95: 96-105. 
Wilson, R. L. and D. C. Peters. 1973. Plant introductions of Zea mays as sources of com 
rootworm tolerance. J. Econ. Entomol. 66: 101-104. 
Wilson, R. L., L. M. Pollak, and K. E. Ziegler. 1993. Evaluation of National germplasm 
system popcorn collection for resistance to com earworm (Lepidoptera: Noctuidae) 
and European com borer (Lepidoptera: Pyralidae). J. Econ. Entomol. 86:952-956). 
Witkowski, J. F., J. G. Owens, and J. J. Tollefson. 1975. Diel activity and vertical flight 
distribution of adult western com rootworms in Iowa cornfields. J. Econ. Entomol. 
68:351-352. 
Wolfinger, R. D., and M. Chang. 1998. Comparing the SAS GLM and MIXED procedures 
for repeated measures. Cary, NC: SAS Institute Inc. 
Woodson, W. D., and J. J. Jackson. 1996. Development rate as a function of temperature 
in northern com rootworm (Coleoptera: Chrysomelidae). Ann. Entomol. Soc. Am. 
226-230. 89 1996. 
Wright, R. J., L. J. Meinke, and B. D. Siegfried. 1996. Com rootworm management and 
insecticide resistance management, pp. 45-53. In Proceedings 1996 Crop Protection 
Clinic. Univ. Nebr. Coop. Ext. 
Wright, R. J., L. J. Meinke, and K. Jarvi. 1999. Corn rootworm management. Univ. 
Nebr. Coop. Ext., EC99-1563-C. 
Xie, Y. S., J. T. Arnason, B. J. R. Philogene, and J. D. H. Lambert. 1990. Role of 2,4-
dihydroxy-7-methoxy-l,4-benzoxazin-3-one (DIMBOA) in the resistance of maize to 
western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: 
Chrysomelidae). Can. Entomol. 122: 1177-1186. 
Xie, Y. S., J. T. Arnason, B. J. R. Philogene, H. T. Olechowski, and R. L Hamilton. 
1992a. Variation of hydroxamic acid content in maize roots in relation to geographic 
origin of maize germ plasm and resistance to western corn rootworm (Coleoptera: 
Chrysomelidae). J. Econ. Entomol. 85: 2478-2485. 
Xie, Y. S., J. T. Arnason, J. Atkinson, and P. Moran. 1992b. Behavioral responses of 
western corn rootworm larvae to naturally occurring and synthetic hydroxamic acids. 
J. Chem. Ecol. 18: 945-957. 
I l l  
ACKNOWLEDGEMENTS 
I would like to acknowledge a number of people for without their help and guidance 
this study would not have been possible. First, I would like to thank my major professors 
Drs. Richard Hellmich and Les Lewis, for giving me the opportunity to pursue this degree at 
Iowa State University. Rick for his creativity, bright outlook on life, and for not only 
developing me academically but also for his positive impact on my personal life. Les for his 
guidance and for his comical comments that make even the toughest situations seem a little 
less important. I also thank my committee members, Dr. Tom Baker, Dr. Jon Tollefson, Dr. 
Paula Davis, and Dr. Lance Gibson, for their constructive comments on conducting and 
presenting the results from this study. Your attention to detail and high standards were 
greatly appreciated and have prepared me as a scientist for a career in Entomology. 
Specieal thanks go to Dr. Ed Berry for his help with designing and planting field plots 
and Doug Summerford for his help with analyzing these data sets. I also send a special 
thanks to Cyon Williams and Kate Kronback for their many tireless hours in the field and lab 
collecting data. Your help was greatly appreciated. Thank you to all of the summer workers 
from the Corn Insects and Crop Genetics Unit for all of their help with completing this study. 
I would also exprees my appreciation to the current and previous staff and graduate students 
at the Corn Insects and Crop Genetics Unit, Patti Anderson, Denny Brack, Jean Dyer, Bob 
Gunnarson, Keith Bidne, Jim Robbins, Nancy Gallagher, Judy Shoen, Brendon Reardon, 
Miriam Lopez, Maya Hayslett, and Jarrad Prasifka, for many laughs as well as help with this 
study. I would also like to thank all the faculty, staff, and graduate students I have met in the 
Department of Entomology here at Iowa State University for allowing me to part of this 
academic family. 
112 
I would like to thank my family. First, my parents, James and Twintillia, for giving 
me love, encouragement, and support, and for never letting me give up on what they believed 
I could achieve. I also thank my in-laws, Giles and Kristy, for encouragent, support, and for 
light-hearted humor. I also would like to thank my brothers, Demathdian and Timothy, my 
sister, Stephanie, and my brother and sister-in-law for their encouragement and support. 
Lastly, but most importantly, I would like to thank my wife, Teresa, and my children, Kyler 
and Melea, for love, encouragement, support, and just for being in my life. You three are the 
reason why every morning is a little better and the future looks brighter than ever. Teresa, 
my rock, without you none of this would have been possible. Thank you for being beautiful, 
loving, understanding, and overall a wonderful friend, wife, and mother. 
113 
APPENDIX 1. ANOVA TABLES FOR EUROPEAN CORN BORER EGG MASS 
DISTRIBUTION 
Impact data 2000-2002 egg masses with contrasts 
The Mixed Procedure 
Model Information 
Data Set 
Dependent Variable 
Covariance Structure 
Estimation Method 
Residual Variance Method 
Fixed Effects SE Method 
Degrees of Freedom Method 
WORKS 
Egg masses 
Variance Components 
REML 
Profile 
Model-Based 
Satterthwaite 
Class Level Information 
Class Levels Values 
Year 3 2000 2001 2002 
Farm 4 AG450 Ankeny Atomic Daven 
Blk 3 123  
Dist 6 0 1 24 8 16 
Dimensions 
Covariance Parameters 4 
Columns in X 7 
Columns in Z 10 
Subjects 1 
Max Obs Per Subject 162 
Observations Used 162 
Observations Not Used 0 
Total Observations 162 
Iteration History 
Evaluations -2 Res Log Like Criterion Iteration 
0 1 -534.12046014 
1 3 -562.64528021 0.00302020 
2 2 -563.02548528 0.00074384 
3 2 -563.41485556 0.00022846 
4 1 -563.53148495 0.00003665 
5 1 -563.54878809 0.00000135 
6 1 -563.54937837 0.00000000 
Convergence criteria met. 
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Covariance Parameter Estimates 
Cov Parm Estimate Alpha Lower Upper 
Year 
Farm 
Blk 
Residual 
0.000031 
0.000431 
0.000213 
0.001273 
0.05 
0.05 
0.05 
0.05 
4.134E-6 
0.000115 
0.000053 
0.001028 
948.40 
0.01948 
0.01771 
0.001619 
Fit Statistics 
-2 Res Log Likelihood -563.5 
AIC (smaller is better) -555.5 
AICC (smaller is better) -555.3 
BIC (smaller is better) -559.2 
Type 3 Tests of Fixed Effects 
Num Den 
Effect DF DF F Value Pr > F 
Dist 150 6.40 <.0001 
Contrasts 
Label 
Num Den 
DF DF F Value Pr > F 
Dist 0 vs. rest 1 150 27.80 <.0001 
Dist 1 vs. rest 1 150 2.93 0.0890 
Remaining trt effects 3 150 0.42 0.7356 
Least Squares Means 
Standard 
Effect dist Estimate Error DF t Value Pr > |t| Alpha Lower Upper 
Dist 0 0.06590 0.01543 6.62 4.27 0.0042 0.05 0.02899 0.1028 
Dist 1 0.03675 0.01543 6.62 2.38 0.0508 0.05 -0.00017 0.07366 
Dist 2 0.02881 0.01543 6.62 1.87 0.1065 0.05 -0.00810 0.06572 
Dist 4 0.01802 0.01543 6.62 1.17 0.2831 0.05 -0.01889 0.05493 
Dist 8 0.02286 0.01543 6.62 1.48 0.1843 0.05 -0.01405 0.05977 
Dist 16 0.02471 0.01543 6.62 1.60 0.1557 0.05 -0.01220 0.06162 
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APPENDIX 2. ANOVA TABLES FOR REPEATED MEASURES VIAL TRAP 
CAPTURE DATA 
Vial Trap Captures 
— YEAR=2000 
The Mixed Procedure 
Model Information 
Data Set 
Dependent Variable 
Covariance Structure 
Subject Effect 
Estimation Method 
Residual Variance Method 
Fixed Effects SE Method 
Degrees of Freedom Method 
WORK.PVC1 
WESTERN 
Heterogeneous Compound 
Symmetry 
PLOT(TRT) 
REML 
None 
Model-Based 
Satterthwaite 
Class Level Information 
Class Levels Values 
TRT 4 12 3 4 
PLOT 20 1 2 3 45 678 9 10 11 12 13 
14 15 16 17 18 19 20 
WEEK 6 1 2 3 4 5 6 
Dimensions 
Covariance Parameters 25 
Columns in X 35 
Columns in Z 0 
Subjects 20 
Max Obs Per Subject 24 
Observations Used 480 
Observations Not Used 0 
Total Observations 480 
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Iteration History 
Iteration Evaluations -2 Res Log Like Criterion 
0 1 5009.44573219 
1 2 4413.42341340 0.00380282 
2 1 4405.56723148 0.00047185 
3 1 4404.60054742 0.00005789 
4 1 4404.48841343 0.00000119 
5 1 4404.48625964 0.00000000 
Convergence criteria met. 
Covariance Parameter Estimates 
Cov Parm Subject Estimate 
Var(l) PLOT(TRT) 618.48 
Var(2) PLOT(TRT) 342.07 
Var(3) PLOT(TRT) 269.07 
Var(4) PLOT(TRT) 602.56 
Var(5) PLOT(TRT) 1469.57 
Var(6) PLOT(TRT) 1264.98 
Var(7) PLOT(TRT) 3574.96 
Var(8) PLOT(TRT) 2460.29 
Var(9) PLOT(TRT) 12274 
Var(10) PLOT(TRT) 13352 
Var(ll) PLOT(TRT) 8412.01 
Var(12) PLOT(TRT) 18588 
Var(13) PLOT(TRT) 652.15 
Var(14) PLOT(TRT) 1734.56 
Var(15) PLOT(TRT) 964.22 
Var(16) PLOT(TRT) 749.08 
Var(17) PLOT(TRT) 1547.15 
Var(18) PLOT(TRT) 553.70 
Var(19) PLOT(TRT) 600.83 
Var(20) PLOT(TRT) 851.45 
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Covariance Parameter Estimates 
CovParm Subject Estimate 
Var(21) PLOT(TRT) 2301.79 
Var(22) PLOT(TRT) 357.72 
Var(23) PLOT(TRT) 544.40 
Var(24) PLOT(TRT) 952.49 
CSH PLOT(TRT) 0.4976 
Fit Statistics 
-2 Res Log Likelihood 4404.5 
AIC (smaller is better) 4454.5 
AICC (smaller is better) 4457.5 
BIC (smaller is better) 4479.4 
Null Model Likelihood Ratio Test 
DF Chi-Square Pr > ChiSq 
24 604.96 <0001 
Type 3 Tests of Fixed Effects 
Num Den 
Effect DF DF F Value Pr > F 
TRT 3 38.5 5.29 0.0037 
WEEK 5 104 36.72 <0001 
TRT*WEEK 15 104 3.85 <0001 
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APPENDIX 3. ANOVA TABLES CORN ROOTWORM EMERGENCE ALL 
TWENTY TREATMENTS 
Total Number of Corn Rootworms 
- Year-2001 
The Mixed Procedure 
Model Information 
Data Set 
Dependent Variable 
Covariance Structure 
Estimation Method 
Residual Variance Method 
Fixed Effects SE Method 
Degrees of Freedom Method 
WORKS 
Western male cumtot 
Variance Components 
REML 
Profile 
Model-Based 
Satterthwaite 
Class Level Information 
Class Levels Values 
Trt 20 1 2 3 4 5 67 8 9 10 11 12 13 
14 15 16 17 18 19 20 
Newrep 6 11 12 21 22 31 32 
Dimensions 
Covariance Parameters 
Columns in X 
Columns in Z 
Subjects 
Max Ob s Per Subject 
Observations Used 
Observations Not Used 
Total Observations 
120 
120 
0 
120 
2 
21 
6 
Iteration History 
Iteration Evaluations -2 Res Log Like Criterion 
0 
1 1 
576.16910068 
571.71131222 0.00000000 
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Convergence criteria met. 
Covariance Parameter 
Estimates 
Cov Farm Estimate 
newrep 1.2596 
Residual 11.7470 
Fit Statistics 
-2 Res Log Likelihood 571.7 
AIC (smaller is better) 575.7 
AICC (smaller is better) 575.8 
BIC (smaller is better) 575.3 
Type 3 Tests of Fixed Effects 
Num Den 
Effect DF DF F Value Pr > F 
Trt 19 95 3.06 0.0002 
Contrasts 
Num Den 
Label DF DF F Value Pr > F 
Natural vs. Artificial Infestation 1 95 1.63 0.2042 
Insectide vs. No Insecticide 1 95 0.07 0.7906 
Least Squares Means 
Standard 
Effect Trt Estimate Error DF t Value Pr > |t| 
Trt 1 0.5000 1.4723 84.9 0.34 0.7350 
Trt 2 1.3333 1.4723 84.9 0.91 0.3677 
Trt 3 1.5000 1.4723 84.9 1.02 0.3112 
Trt 4 1.3333 1.4723 84.9 0.91 0.3677 
Trt 5 0.8333 1.4723 84.9 0.57 0.5729 
Trt 6 3.5000 1.4723 84.9 2.38 0.0197 
Trt 7 2.0000 1.4723 84.9 1.36 0.1779 
Trt 8 1.6667 1.4723 84.9 1.13 0.2608 
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Trt 9 6.0000 1.4723 84.9 4.08 0.0001 
Trt 10 4.6667 1.4723 84.9 3.17 0.0021 
Trt 11 5.0000 1.4723 84.9 140 0.0010 
Trt 12 10.5000 1.4723 84.9 7.13 <0001 
Trt 13 3.1667 1.4723 84.9 2.15 0.0343 
Trt 14 2.1667 1.4723 84.9 1.47 0.1448 
Trt 15 1.8333 1.4723 84.9 1.25 0.2165 
Trt 16 1.1667 1.4723 84.9 0.79 0.4303 
Trt 17 0.1667 1.4723 84.9 0.11 0.9101 
Trt 18 0.5000 1.4723 84.9 0.34 0.7350 
Trt 19 1.5000 1.4723 84.9 1.02 0.3112 
Trt 20 3.6667 1.4723 84.9 2.49 0.0147 
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APPENDIX 4. SIGMOID AL REGRESSION OF CUMMULATIVE EMERGENCE 
AS A FUNCTION OF JULIAN DATE FOR EACH YEAR AND TREATMENT 
The NLIN Procedure 
Method: Gauss-Newton 
***************************** 
Dependent Variable CWM = Cumulative Emergence for WM 
TRT=1 — 
Iterative Phase 
Sum of 
Iter A B C Squares 
0 220.0 37092.0 5.0000 901803 
1 2.9392 37092.0 4.9306 1.7503 
2 2.9401 37092.9 2.3802 0.4566 
3 2.9964 37093.4 1.2904 0.1977 
4 3.0135 37093.4 1.6455 0.1383 
5 3.0105 37093.3 1.5953 0.1366 
6 3.0113 37093.3 1.6145 0.1365 
7 3.0110 37093.3 1.6091 0.1364 
8 3.0111 37093.3 1.6107 0.1364 
9 3.0111 37093.3 1.6103 0.1364 
10 3.0111 37093.3 1.6104 0.1364 
11 3.0111 37093.3 1.6104 0.1364 
12 3.0111 37093.3 1.6104 0.1364 
NOTE: Convergence criterion met. 
Estimation Summary 
Method 
Iterations 
Subiterations 
Average Subiterations 
R 
PPC(C) 
RPC(C) 
Object 
Objective 
Gauss-Newton 
12 
1 
0.083333 
6.755E-6 
2.364E-6 
7.94E-6 
3.61E-10 
0.136446 
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Observations Read 22 
Observations Used 22 
Observations Missing 0 
NOTE: An intercept was not specified for this model. 
Source 
Regression 
Residual 
Corrected Total 21 4.5909 
Sum of Mean Approx 
DF Squares Square F Value Pr > F 
3 184.9 61.6212 8580.69 <0001 
19 0.1364 0.00718 
I 22 185.0 
Approx Approximate 95% Confidence 
Parameter Estimate Std Error Limits 
A 3.0111 0.0198 2.9696 3.0525 
B 37093.3 0.1570 37093.0 37093.7 
C 1.6104 0.1381 1.3214 1.8994 
Approximate Correlation Matrix 
A B C  
A 1.0000000 0.1922809 0.2221532 
B 0.1922809 1.0000000 -0.1496114 
C 0.2221532 -0.1496114 1.0000000 
TRT=17 — 
Iterative Phase 
Sum of 
Iter ABC Squares 
0 310.0 37447.0 5.0000 1676035 
1 19.9144 37447.3 6.3556 2275.1 
2 22.4723 37456.3 30.7455 1382.5 
3 28.2853 37485.5 21.0187 855.8 
4 17.3991 37464.9 10.4887 726.7 
5 23.1053 37475.9 7.5895 292.8 
6 21.6048 37468.9 3.4194 68.1652 
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7 23.2381 37471.1 3.9265 28.0641 
8 23.6486 37471.3 4.0503 27.0735 
9 23.7039 37471.3 4.0975 27.0405 
10 23.7176 37471.4 4.1082 27.0382 
11 23.7211 37471.4 4.1112 27.0381 
12 23.7219 37471.4 4.1120 27.0381 
13 23.7222 37471.4 4.1122 27.0381 
14 23.7222 37471.4 4.1122 27.0381 
NOTE: Convergence criterion met. 
Estimation Summary 
Method 
Iterations 
Subiterations 
Average Subiterations 
R 
PPC(C) 
RPC(C) 
Object 
Objective 
Observations Read 
Observations Used 
Observations Missing 
Gauss-Newton 
14 
4 
0.285714 
8.904E-6 
3.058E-6 
0.000012 
1.52E-9 
27.03809 
22 
22 
0 
NOTE: An intercept was not specified for this model. 
Sum of 
Source DF Squares 
Regression 3 5234.0 
Residual 19 27.0381 
Uncorrected Total 22 5261.0 
Corrected Total 21 2211.9 
Mean Approx 
Square F Value Pr > F 
1744.7 1225.99 <0001 
1.4231 
Approx Approximate 95% Confidence 
Parameter Estimate Std Error Limits 
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23.7222 0.5479 
37471.4 0.4760 
4.1122 0.3979 
22.5754 24.8691 
37470.4 37472.4 
3.2794 4.9450 
Approximate Correlation Matrix 
A B C  
1.0000000 
0.5971736 
0.5383996 
0.5971736 
1.0000000 
0.3217038 
0.5383996 
0.3217038 
1.0000000 
TRT=19 
Iterative Phase 
Sum of 
Iter ABC Squares 
0 310.0 37447.0 5.0000 1454142 
1 42.1782 37448.1 6.2534 3121.7 
2 44.0025 37459.6 12.8283 756.3 
3 42.0282 37460.5 6.2434 120.7 
4 44.2648 37462.0 5.9066 53.6326 
5 44.4429 37461.9 6.0273 52.9800 
6 44.4451 37461.9 6.0171 52.9748 
7 44.4459 37461.9 6.0188 52.9747 
8 44.4460 37461.9 6.0187 52.9747 
9 44.4460 37461.9 6.0187 52.9747 
NOTE: Convergence criterion met. 
Estimation Summary 
Method 
Iterations 
Subiterations 
Average Subiterations 
R 
PPC(C) 
RPC(C) 
Object 
Objective 
Gauss-Newton 
9 
1 
0.111111 
2.116E-6 
2.451E-7 
4.295E-6 
2.8E-10 
52.9747 
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Observations Read 22 
Observations Used 22 
Observations Missing 0 
NOTE: An intercept was not specified for this model. 
Source 
Sum of Mean Approx 
DF Squares Square F Value Pr > F 
Regression 3 24755.0 8251.7 2959.56 <0001 
Residual 19 52.9747 2.7881 
Uncorrected Total 22 24808.0 
Corrected Total 21 5008.0 
Parameter 
Approx Approximate 95% Confidence 
Estimate Std Error Limits 
A 
B 
C 
44.4460 
37461.9 
6.0187 
0.6949 
0.4423 
0.3927 
42.9916 
37461.0 
5.1968 
45.9004 
37462.9 
6.8406 
Approximate Correlation Matrix 
A B C  
A 
B 
C 
1.0000000 
0.6196133 
0.5794072 
0.6196133 
1.0000000 
0.3360968 
0.5794072 
0.3360968 
1.0000000 
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APPENDIX 5. CURVILINEAR REGRESSION LINES AUGMENTED 
INFESTATIONS 
10 
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isoline), and Bt com in 2001. An augmented infestation of com rootworm eggs was applied 
to each com plant. 
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Popcorn — Field Corn Bt Field Corn 
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APPENDIX 6. CURVILINEAR REGRESSION LINES NATURAL INFESTATIONS 
WITH INSECTICIDE 
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APPENDIX 7. CURVILINEAR REGRESSION LINES AUGMENTED 
INFESTATIONS WITH INSECTICIDE 
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isoline), and Bt corn in 2001. An augmented infestation of corn rootworm eggs was applied 
to each corn plant and insecticide (Lorsban 15G) was applied to each treatment plot. 
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isoline), and Bt corn in 2002. An augmented infestation of corn rootworm eggs was applied 
to each corn plant and insecticide (Lorsban 15G) was applied to each treatment plot. 
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Mean number of male (A) and female (B) northern corn rootworm adults found in (2) 
emergence cages in popcorn (105-d, 118-d, 105-d double), field corn (DK580 and Bt near 
isoline), and Bt com in 2001. An augmented infestation of com rootworm eggs was applied 
to each com plant and insecticide (Lorsban 15G) was applied to each treatment plot. 
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27-Aug 
Mean number of male (A) and female (B) western corn rootworm adults found in (2) 
emergence cages in popcorn (105-d, 118-d, 105-d double), field corn (DK580 and Bt near 
isoline), and Bt corn in 2002. An augmented infestation of corn rootworm eggs was applied 
to each corn plant and insecticide (Lorsban 15G) was applied to each treatment plot. 
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APPENDIX 8. ANOVA TABLES OF SLOPE COMPARISONS 
Comparisons of Regression Lines Among Treatments 
Year=2001 
The Mixed Procedure 
Model Information 
Data Set 
Dependent Variable 
Covariance Structure 
Estimation Method 
Residual Variance Method 
Fixed Effects SE Method 
WORK.Y2001 
Western male mean 
Diagonal 
REML 
Profile 
Model-Based 
Degrees of Freedom Method Residual 
Class Level Information 
Class Levels Values 
Trt 6 1 5 9 13 17 19 
Dimensions 
Covariance Parameters 1 
Columns in X 14 
Columns in Z 0 
Subjects 1 
Max Obs Per Subj ect 132 
Observations Used 132 
Observations Not Used 0 
Total Observations 132 
Covariance Parameter 
Estimates 
Cov Farm Estimate 
Residual 0.3013 
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Fit Statistics 
-2 Res Log Likelihood 266.0 
AIC (smaller is better) 268.0 
AICC (smaller is better) 268.0 
BIC (smaller is better) 270.8 
Type 3 Tests of Fixed Effects 
Num Den 
Effect DF DF F Value Pr > F 
Trt 5 120 24.10 <0001 
Date 1 120 112.78 <0001 
Date*Trt 5 120 24.16 <0001 
